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ABSTRACT

The Department of Energy (DOE) designated the Advanced Test Reactor (ATR) a National
Scientific User Facility (NSUF) in April 2007 to support the growth of nuclear science and technology in
the United States (US). By attracting new researchers, from the university, national laboratory, and
industry sectors, the ATR NSUF facilitates basic and applied nuclear research and development required to
meet and advance the nation's energy needs. A key component of the ATR NSUF effort at the Idaho
National Laboratory (INL) is to design, develop, and deploy new in-pile instrumentation that is capable of
providing real-time measurements of key parameters during irradiation. To address this need, an
assessment of instrumentation available and under-development at other test reactors was completed.
Based on this initial review, recommendations were made with respect to what instrumentation is needed at
the ATR, and a strategy was developed for obtaining these sensors. In 2009, a report was issued
documenting this program’s strategy and initial progress toward accomplishing program objectives. Since
2009, annual reports have been issued to provide updates on the program status. This report provides an
update reflecting progress as of January 2014.

As reported in this document, significant accomplishments occurred in several instrumentation
development and deployment areas during 2013. Specialized INL-developed sensors for real-time
detection of temperature and thermal conductivity were provided to the Commissariat a 'Energie
Atomique et aux Energies Alternatives (CEA) in France and are being provided to the Institute for Energy
Technology/Halden Reactor Project (IFE/HRP) in Norway for evaluation. High Temperature Test
Laboratory (HTTL) staff, who are responsible for most in-pile instrumentation development, fabrication,
and evaluation efforts, are also involved in expanding user options for peak temperature sensors, such as
melt wires and silicon carbide temperature monitors, and integral fluence sensors, such as activation foils
and flux wires. On-going tasks to deploy real-time length and flux detection sensors are continuing. An
enhanced test rig for evaluating creep specimens with controlled load capabilities is now ready for use in
the newly reactivated ATR pressurized water loop and efforts are continuing to develop a crack growth test
rig. In addition, several tasks evaluating ‘advanced’ technologies, such as fiber-optics based length
detection and ultrasonic thermometers, have continued. In October 2013, a new effort for developing a
real-time capability for measuring changes in fuel diameter during irradiation was initiated.

As noted within this document, INL has made extensive investments to support advanced in-pile
instrumentation and test rigs. In 2009, INL completed construction of the Test Train Assembly Facility
(TTAF), which is located near the ATR and in 2013, the HTTL was moved to the new Energy Inno-
vation Laboratory (EIL) facility in Idaho Falls. Although INL has clearly invested significantly in this
effort, it should be stressed that multiple funding sources (e.g., ATR NSUF, Fuel Cycle Research and
Development, Nuclear Energy Enabling Technologies, and Next Generation Nuclear Plant) were required
to achieve in-pile instrumentation accomplishments. Hence, having focussed and coordinated efforts to
provide US Materials Testing Reactors (MTRs) advanced in-pile instrumentation and standardized test rigs
incorporating such instrumentation is essential if the US is to reap the benefits of this DOE investment. It is
important to emphasize that standardized test rigs, which are regularly used at facilities such as the Halden
Boiling Water Reactor (HBWR) in Norway and are under development for the Jules Horowitz Reactor
(JHR) in France, are essential components of world class irradiation facilities. With standardized test rigs
with advanced instrumentation, US MTRs will be able to more readily meet US industry and regulator
needs for sustainment of nuclear energy.
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EXECUTIVE SUMMARY

The Department of Energy (DOE) designated the Advanced Test Reactor (ATR) at the Idaho
National Laboratory (INL) as a National Scientific User Facility (NSUF) in April 2007 to support the
growth of nuclear science and technology in the United States (US). By attracting new researchers, from
the university, national laboratory, and industry sectors, the ATR NSUF facilitates basic and applied
nuclear research and development required to meet and advance the nation's energy needs. A key
component of the ATR NSUF effort is the design, development, and deployment of new in-pile
instrumentation to support irradiation testing. In addition to ATR NSUF needs, it is recognized that new in-
pile instrumentation enhances the ability of NSUF facilities to attract new customers from the commercial
power, defense, and manufacturing sectors. In 2008, a strategy was developed for obtaining these sensors.
In 2009, a report was issued documenting this program’s strategy and initial progress toward
accomplishing program objectives. Since 2009, annual reports have been issued to provide updates on the
program status. This report provides an update reflecting progress as of January 2014.

Background

As noted in Section 2 of this report, the ATR and other US Materials Testing Reactors (MTRs) are
unique with respect to irradiation testing capabilities. For example, the test volumes and flux levels in each
of the ATR irradiation locations [Static Capsules, the Hydraulic Shuttle Trradiation System (HSIS), Instru-
mented Lead Tests, and Pressurized Water Reactor (PWR) loops] are unsurpassed by few, if any, test reac-
tors in the world. However, US instrumentation for in-pile testing lags behind instrumentation available at
international MTRs. Despite its long history for developing highly specialized instrumentation to meet
demands of customers conducting unique tests in one-of-a-kind test facilities, INL instrumentation
research funding decreased significantly in the 1980s when large nuclear test facility programs ended.

To address this instrumentation need, the ATR NSUF initiated an effort that allowed INL to restart pro-
grams associated with the design and development of world class instrumentation. As part of this effort, a
review was first completed to identify instrumentation available to users at other MTRs located in the US
and abroad. Table ES-1 summarizes updated results from this review. The column labeled “Technology
Available at ATR” indicates the types of sensors currently available to ATR users. The column “Proposed
Advanced Technology” includes two categories: “Available at Other Reactors,” which identifies several
technologies employed at other test reactors that could be adapted to enhance ATR instrumentation capa-
bilities; and “Developmental,” which lists developmental or non-nuclear technologies that could be used in
ATR irradiation tests. Technologies listed in this column are considered to be less “ready” for implementa-
tion. As noted in the footnotes for Table ES-1, blue text indicates current instrumentation research efforts,
red text indicates demonstrated new or enhanced sensors now available to users as a result of recent instru-
mentation research, and magenta text indicates new sensors and capabilities that are now ready for deploy-
ment as a result of recent instrumentation research.

Instrumentation selected for investigation is based on anticipated user needs and “technology readi-
ness” (to provide ATR NSUF users needed instrumentation as soon as possible). For example, other MTRs
have sensors available for real-time detection of parameters such as neutron flux (thermal and fast) and
geometry changes (length and diameter). As indicated by the blue text in Table ES-1, efforts are underway
to explore these technologies. However, as discussed in Section 2, adapting instrumentation used at other
test reactors often requires demonstrations because of ATR-specific irradiation conditions (e.g., higher
neutron fluxes, higher temperatures, etc.) and test capsule geometries. As indicated by the red and magenta
text in Table ES-1, several enhanced sensors are now available to ATR users as a result of this instrumenta-
tion development effort. The ultimate goal of this effort is to provide ATR NSUF users sensors for detect-
ing all of the parameters listed in Table ES-1.
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Table ES-1. Instrumentation available at ATR and proposed advanced technologies.

Location Proposed Advanced Technology
Static Available Technolo
Parameter Capsule/ Instr. | PWR at ATR = Available at Other MTRs Developmental
Lead | Loop
Shuttle
Temperature v v v |-Melt wires (peak)";U -Paint spots (peak)
-Silicon Carbide (SiC) |-Thermal Expansion Devices
temperature monitors  |(TEDSs)
(range)
v v  |-Thermocouples (Type [-Expansion thermometer -Fiber optics
N, K, C, and HTIR- -Noise thermometry
TCsd) -Ultrasonic thermometers
(UTs)
Thermal v v |- Transient Hot Wire  [|-Degradation using signal
Conductivity Method Needle Probe  |changes in thermocouples
(THWM NP)
Flux/Fluence v v v  |-Flux wires and foils
(neutron) v v -Self-Powered Neutron - Moveable SPNDs
Detectors (SPNDs) - Micro-Pocket Fission
-Subminiature / miniature  (Detectors (MPFDs)
fission chambers
Gamma v v -Calorimeters
Heating / -Gamma thermometers
Gamma Flux (GTs)
-Self-Powered Gamma
Detectors (SPGDs)
Dimensional v v |-LVDT-based -Diameter gauge -Ultrasonic techniques
elongation -Fiber optics
Fission Gas v v  |-On-line sampling -LVDT-based pressure -Acoustic measurements
(Amount, -Pressure gauge monitors with high-frequency
Composition) echography
Loop Pressure v  |-Differential pressure
transmitters
-Pressure gauges with
impulse lines
Loop Flowrate v  |-Flow venturis -Turbine flow meters (for
-Orifice plates individual fuel assemblies)
Loop Water v |-Ofi-line sampling / -Electrical chemical potential
Chemistry analysis probes
Crud v - Diameter gauge with
Deposition neutron detectors, and
thermocouples
Crack Growth v -Direct current potential drop
Rate (DCPD) technique

a. Text color m Columns 5 through 7 designates:

Black
Blue

- Sensors or capabilities existing at the ATR or existing or under development at other MTRs
- New or enhanced sensors being investigated or for which mvestigations were mitiated but deferred due to funding limitations

Magenta - New or enhanced sensors or capabilities for which laboratory investigations have been completed but require irradiation evaluation

Red

- New or enhanced sensors or test ngs now deployed at the ATR. because of recent mstrumentation research

b. Although melt wires have been used at ATR. recent efforts have expanded the types offered to our users, allowing more accurate estimates of peak tem-
perature with enhanced encapsulation methods.
c. Type C thermocouple use requires a “correction factor” to correct for decalibration dunng irradiation.
d. High Temperature Irradiation Resistant ThermoCouple (HTIR-TC)
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Section 3 of this document provides detailed information about instrumentation available and under
development at international MTRs. Several foreign test reactor programs, such as the Institute for Energy
Technology at the Halden Reactor Program (IFE/HRP) have maintained their instrumentation development
and evaluation research capability. Others, such as the Commissariat a 'Energie Atomique et aux Energies
Alternatives (CEA), not only offers users a suite of instrumentation, but is rapidly trying to increase their
capabilities by developing and deploying new standardized test rigs. These standardized test rigs, which
are regularly used at facilities such as the Halden Boiling Water Reactor (HBWR) in Norway and are under
development for the Jules Horowitz Reactor (JHR) in France, are essential components of world class irra-
diation facilities. In order for the ATR and other US MTRs are to be competitive, enhanced instrumentation
and standardized test rigs must be made available to their users.

INL Program QOverview

The ultimate goal of recent INL in-pile instrumentation development efforts is to provide the
required sensors and test rigs to support ATR irradiation needs. There is a national need for US researchers
to have domestic access to sensors and test rigs that are comparable to that available at other MTRs. As
discussed within this document, higher flux MTRs require more robust sensors than needed at international
MTRs. Figure ES-1 graphically illustrates current INL efforts for developing and demonstrating new
sensors. This figure includes sensor development from various fund sources, including INL Laboratory
Directed Research and Development (LDRD), ATR NSUF, Nuclear Energy Enabling Technology (NEET),
Fuel Cycle Research and Development (FCRD), and Next Generation Nuclear Plant (NGNP). There are
several major activities identified, “Near-Term Technologies,” “Developmental,” and “Expansion.”
Representative tasks identified in each area are also shown with qualitative judgments with respect to
current ATR capabilities compared to other test reactors. If requested funding levels are provided, the ATR
NSUF is expected to have comparable instrumentation for many parameters during FY 14, and “world
class” (e.g., comparable in many cases, and in some cases, superior) irradiation capabilities by FY15.
Current efforts to meet this national need come from various sources, and the ability to meet this FY15
goal is dependent upon allocated funding levels and sensor irradiation schedules.

Table ES-2 summarizes the status of INL efforts to provide enhanced instrumentation to ATR. Similar
to Table ES-1, blue text indicates current instrumentation research efforts, and red and magenta text indi-
cates new sensors now available to users as a result of recent instrumentation research. As indicated in this
table, considerable progress has been made in this program since its inception. Several new sensors are
now available to users; and as indicated in Section 5, several additional sensors should soon be available. It
is also encouraging to see that some level of research has been initiated on many of the sensor technologies
identified in this table.
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Figure ES-1. ATR instrumentation research and development (timing is dependent on funding avail-

ability).

Table ES-2. Status of ATR NSUF sensor development and enhancement efforts.

Parameter Sensor Status
Temperature Melt Wires? Currently used in several ATR NSUF irradiations. Both quartz and vanadium encapsu-
lation available for wires with melting temperatures between 85 and 1455 °C.
S1C Temperature Currently used in several ATR NSUF urradiations.
Monitors
HTIR-TC Initial out-oi-pile testing completed. In-pile testing (in the first Advanced Gas Reactor
(AGR-1) NGNP fuel irradiation test) and sensor enhancement evaluations completed;
HTIR-TCs provided to MIT and IFE/HRP. Additional HTTR-TCs being fabricated for
NGNP program in FY'14.
Ulfrasonic FCRD program funded first two years of a three year effort to develop and evaluate an
Thermometers (UT) |enhanced prototype. Additional funding required to complete prototype evaluations and
design optimization. Although prototype is focussed on use of magnetostrictive trans-
ducers, deployment will benefit from MITR test to compare irradiation-related surviv-
ability of piezoelectric and magnetostrictive transducers.
Thermal THWM NP Prototype design developed and initial laboratory testing completed. Prototype THWM
Conductivity probe prepared and shipped to CEA and being prepared for shipment to IFE/HRP.
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Table ES-2. Status of ATR NSUF sensor development and enhancement efforts.

Parameter Sensor Status
Elongation, Crud [LVDTs Out-of-pile testing completed on developmental LVDT that resists high temperature
deposition, degradation and eliminates Curie temperature effects.
Corrosion

Diameter gauge

Currently used in the Halden Boiling Water Reactor (HBWR) for detecting swelling,
corrosion, and crud buildup. Three year LDRD initiated in FY 14.

Ulfrasonic Scoping tests completed on elongation prototype. Prior to deployment, additional proto-

Techniques type out-of-pile testing needed and results from NEET-funded MITR piezoelectric and
magnetostrictive transducer irradiation test needed.

Fiber Optic FCRD funded first two years of a three year effort to develop and evaluate the accuracy

Techniques of a candidate probe. Prior to deployment, an instrumented lead test needed to evaluate

fiber optic survivability in radiation environments.

In-pile Creep Test
Rig

LVDT-based rig
with bellows

Design developed and prototype evaluated at PWR conditions in a laboratory autoclave.
Enhanced design, with variable load capability. developed and evaluated in a laboratory
autoclave. Both designs developed for future use in an ATR PWR loop.

Neutron Flux

Flux wires and foils

[Various flux wires and foils available. Vanadium encapsulation available.

SPNDs and fission
chambers

Specially-developed fixturing designed. fabricated. and installed at ATRC. In FY'13,
additional evaluations of detectors completed. Additional ATRC evaluations planned
for FY14. In addition, SPND will be included in NEET-funded MITR. Development of
MPFDs for ATRC evaluations underway.

Gamma Heating |Gamma thermome- |[Currently used at HBWR; SPGDs will be included in NEET-funded MITR iurradiation
ters and SPGDs inFY14.

Crack propagation [DCPD method with [Currently used at HBWR; Investigations mifiated in 2012,
CT specimens
Ulfrasonic Funding source needed for laboratory evaluations. Prior to deployment, results of piezo-
techniques electric and magnetostrictive transducer irradiation test at MITR needed.
Fiber optics Funding source needed for laboratory evaluations. Prior to deployment, an instrumented
techniques lead test needed to evaluate fiber optic survivability in radiation environments.

a. Font in Column 2 designates:
Black - Sensors or capabilities existing at the ATR or existing or under development at other MTRs
Blue - New or enhanced sensors being mvestigated or 1f ttalics, for which mvestigations were mitated but deferred due to funding linmtations
Magenta - New or enhanced sensors or capabilities for which laboratory investigations have been completed but require irradiation evaluation
Red - New or enhanced sensors or test ngs now deployed at the ATR. because of recent mstrumentation research

As discussed in Section 5, INL sensor development and evaluation activities rely heavily on collabora-
tions with other research organizations, such as IFE/HRP and CEA, to maximize the benefit from research
expenditures. For example, IFE/HRP and CEA will be evaluating the performance of INL-developed sen-
sors during FY14. In addition, sensor development and deployment has been expedited by beneficial col-
laborations with selected universities possessing specialized capabilities, such as the Massachusetts

Institute of Technology (MIT), Idaho State University (ISU), Utah State University (USU), Kansas State
University (KSU), and Pennsylvania State University (PSU).

It should be noted that funding availability has delayed certain instrumentation deployment activities.
For example, the FCRD program has been interested in (and funded development of) ultrasound-based and
fiber optic-based instrumentation that can provide higher resolution/higher accuracy data than currently-
available instrumentation. Unfortunately, decreases in FCRD funding for in-pile instrumentation has
delayed deployment of such sensors. Blue italics text indicates instrumentation efforts in which activities
have been delayed in FY 14 due to such funding limitations.

Extensive investments to provide the facilities and equipment required for advanced in-pile instrumen-
tation and test rigs development and deployment have been made by INL. In 2009, INL completed con-
struction of the Test Train Assembly Facility (TTAF), which is located near the ATR. The TTAF is used
for final assembly of experiments to be installed at the ATR. The TTAF was designed and furnished with
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the equipment necessary to support the assembly of various configurations and design of test train experi-
ments. The TTAF has various welding capabilities, including automated lathe and orbital gas tungsten arc
welding, micro spot welding, and manual welding, that can be used to assemble various test train experi-
ments. The TTAF also has the ability to perform induction brazes, an integral process in the assembly of
test train experiments. Machining capabilities, such as a mill and a lathe, are also available at the TTAF.
Experienced TTAF staff are available to support engineering and fabricate the experiment assemblies.

Figure ES-2. An irradiation experiment assembled using TTAF welding and brazing methods.

INL’s existing High Temperature Test Laboratory (HTTL) is a unique facility for developing, fabricat-
ing, and performing laboratory demonstrations of proposed new in-core instrumentation. This facility fea-
tures specialized sensor fabrication and evaluation equipment and trained staff with an established
reputation for fabricating unique sensors. In December 2013, capabilities of the HTTL were relocated to
INL’s Research and Education Laboratory (REL), a newly constructed facility in Idaho Falls. As shown in
Figure ES-3, the recently-relocated HTTL houses specialized sensor fabrication and evaluation equipment,
including a laser welder, a real-time x-ray imaging system, a custom draw bench, several autoclaves, sev-
eral tube furnaces (capable of temperatures up to 1800 °C), and a vacuum furnace (capable of temperatures
up to approximately 2800 °C). In addition, a special area of the new facility houses systems for measuring
thermal properties of materials such as a laser flash thermal property analyzer for thermal diffusivity mea-
surements (and comparative specific heat and thermal conductivity measurements) up to 2800 °C, a push-
rod dilatometer for comparison thermal elongation measurements up to 1600 °C, and a Differential
Scanning Calorimeter (DSC) for obtaining specific heat capacity and melting temperature measurements
up to 1600 °C. The new facility includes a specially-designed sensor fabrication room with locations for
additional specialized equipment, such as an e-beam welder and a three dimensional computer tomography
machine. Hence, the HTTL is anticipated to have an increased role in ensuring that required instrumenta-
tion is available to users of NSUF facilities and to address other DOE-NE program needs.
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Although INL has clearly invested significantly in this effort, it should be stressed that multiple
funding sources (e.g., ATR NSUF, FCRD, NEET, and NGNP) were required to achieve these
accomplishments. Hence, having focussed and coordinated efforts to provide US MTRs advanced in-pile
instrumentation and standardized test rigs incorporating such instrumentation are essential if the US is to
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Figure ES-3. HTTL layout and equipment.

reap the benefits of this DOE investment.

In-Pile Inpile Instrumentation Accomplishments

Significant HTTL accomplishments occurred in several instrumentation development and

deployment areas during 2013. For example, HTTL staff:

* Continued expansion of a melt wire library while providing ATR NSUF users appropriate melt wires
for their tests. INL has an established melt wire library with materials ranging from ~85 to 1455 °C that
may be encapsulated in quartz or metal tubes (see Figure ES-4).

* Continued SiC temperature monitor support for ATR NSUF and FCRD users;

* Identified an appropriate IFE/HRP HBWR irradiation for ATR NSUF evaluation of four HTIR-TCs
and a THWM NP. The HTIR-TCs were shipped to IFE/HRP in FY'12 (see Figure ES-5), and prepara-
tions were initiated to fabricate a THWM NP for shipment to IFE/HRP in FY14;

* Completed FY13 FCRD feasibility evaluations of an ultrasonic thermometer for obtaining high resolu-
tion, high accuracy temperature profiles in FCRD irradiations (see Figure ES-6) and fabricated magne-

L
Material Property
Characterization

tostrictive transducers for ATNR NSUF ultrasonic transducer survivability irradiation in MITR;

Xix
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Figure ES-4. Quartz tube containing four melt wires in separated compartments: (a) Example of ideal
indicator melt wires; (b) Example of non-ideal indicator melt wires.

Figure ES-5. HTIR-TCs prior to shipment to IFE/HRP.

Fabricated and shipped a THWM NP to CEA for evaluating fuel thermal conductivity (see Figure ES-
7). The THWM NP was shipped to CEA in F13, and ATR NSUF evaluations are scheduled for FY14;

Completed FCRD efforts to design and perform autoclave evaluations of enhanced and controlled load
creep test rigs for future use in an ATR PWR loop (see Figure ES-8);

Completed FY13 FCRD evaluations of fiber optics-based elongation probe;

Completed FY13 ATR NSUF efforts to evaluate the need to reduce uncertainties associated with local-
ized heating using sensors, such as gamma thermometers and SPGDs;

Completed LDRD FY'13 efforts to develop and evaluate the performance of a crack growth test rig (see
Figure ES-9);

Provided encapsulated flux wire sensors to ATR NSUF customers (see Figure ES-10);
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Figure ES-7. THWM NP fabricated for and shipped to CEA for fuel evaluations in a furnace.

* Completed ISU-led ATR NSUF project evaluating real-time flux sensors in the ATRC using special-
ized fixturing for flux detector evaluation (see Figure ES-11); and

* Continued FY13 NEET efforts to fabricate and evaluate MPFDs (see Figure ES-12).

Details about each of these achievements are reported in Section 5. In addition to providing ATR
NSUF customers the instrumentation required for their irradiation tests, it should be noted that this effort
has clearly added to the prestige and capabilities of the ATR NSUF and to the DOE. As noted previously,
international collaborations have been established with leaders in the world of in-pile testing, such as
IFE/HRP and CEA. Partnerships with universities have not only helped students successfully complete
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Figure ES-8. Enhanced and controlled-load creep test rig design and evaluation efforts completed.

their graduate level research, but have led to new INL employees. Over 29 peer-reviewed conference
papers and 22 archival journal papers have been produced, and several patents have been awarded or are

pending from this research.
Future Efforts

During FY 14, several significant in-pile instrumentation activities are underway. For example,
HTTL staff are funded to:

* Evaluate SiC temperature monitors from several ATR NSUF, EPRI, and FCRD irradiations
* Complete ATR NSUF flux monitor evaluations in ATRC
* Complete ATR NSUF activities to evaluate THWM NP performance in CEA fuel tests

* Complete ATR NSUF activities to evaluate HTIR-TC and THWM NP performance in HBWR irradia-
tion

INL/EXT-13-30427 XXil



Current connections |

’,,--"“ Voltage —
connections oT
;' specimen
CT loading .
holes 0]|(; cT
loading
holes
Fulcrum -
g (O——— Fulcrum
— Loading
unit
— —
— Pressurized
]0 bellows |
DDDDD - um;d{
SST Prototype Loader (2.4:1 pin position) MIT Titanium Loader (2.5:1 pin position)

Measured force Measured force

Calculated Calculated

force based force based

on bellows on bellows

area and area and

spring rate spring rate o%
il / % =1 R

100

Force applied to specimen (Ibf)
g

Force applied to specimen (lbf)
g

i T Y N Y E INU [ EPI S R B i T Y Y IO EPI INIR U NI S EPR R
o 400 800 1200 1600 2000 1600 1200 BOD 400 016000 o 400 800 1200 1600 2000 1600 1200 BOD 400 016000

Bellows pressure (psi) Bellows pressure (psi)

Figure ES-9. Design and fabricated components of the DCPD test rig.

Figure ES-10. Encapsulated iron flux wires with radiograph.

Assist MIT with installation and evaluation of ATR NSUF ultrasonic transducer irradiation and com-
plete FY14 NEET efforts to support this irradiation

Provide several HTIR-TCs for NGNP testing
Provide encapsulated melt wires for FCRD accident tolerant fuel irradiation

Complete FY'14 NEET efforts to fabricate and evaluate the performance of MPFD prototypes
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Figure ES-11. Completed ISU-led ATR NSUF project evaluating real-time flux sensors in the ATRC
using specialized fixturing for flux detector evaluation.
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Figure ES-12. MPFDs offer unique miniature neutron detection options.
* Complete FY14 LDRD laboratory evaluations of a diameter gauge for use in ATR

* Complete FY14 LDRD autoclave evaluations and preparation for MITR irradiation of a crack growth
test rig
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As noted above, further efforts to further deploy sensors relying on ultrasound and fiber optic
techniques have been deferred due to FCRD funding reductions. Likewise, efforts to evaluate sensors for

localized heating have been reduced. In addition, no funding source has been identified to launch much-
needed efforts to develop and deploy standardized test rigs for use in the ATR.

Standardized test rigs with state-of-the-art instrumentation, that are tailored to meet US industry
needs for fuel irradiation testing and US regulatory requirements for data acceptance, are essential if US
MTRs are to compete with international MTRs. Evaluations suggest that standardized test rigs have the
potential to offer ATR users a one-third reduction in costs and long lead times associated with one-of-a-
kind experiment designs. Participation from vendors, regulators and experienced ATR analysts and
researchers in this effort are essential to ensure that test rigs are tailored to meet US industry needs and
regulatory requirements for fuel development testing. Specially-developed instrumented standardized test
rigs will allow DOE-NE programs [ATR NSUF, FCRD, Advanced Reactor Concepts (ARC), etc.] to

obtain much-needed, high fidelity data for evaluating the performance of new fuels and will attract new
users to ATR NSUF facilities.

Standardized test rigs will differ for specific irradiation facilities and locations. Figure ES-13
illustrates a preliminary conceptual design for a standardized test rig for use in ATR Loop 2A. Based on
user specifications, the test rig could be instrumented with sensors capable of withstanding anticipated
pressures, temperatures, and radiation levels in Loop 2A fuel tests and provide real-time data to address
user needs. In addition to providing sensors within each test rig, supplemental sensors, such as flux wires,

melt wires, and silicon carbide temperature monitors, will be included exterior to the test rig to increase
confidence in the accuracy of obtained data.
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Figure ES-13. Candidate standardized test rig for evaluating fuel rod diameter changes, thermal con-
ductivity, and fission gas release in a PWR loop.
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A standardized test rig represents a much needed, final step in efforts to provide the US world class
instrumentation and irradiation capabilities. In addition to increasing usage of the recently reactivated ATR
Loop 2A, a standardized test rig will also provide a basis for testing at other ATR NSUF facilities, such as
the High Flux Isotope Reactor (HFIR) and MITR, and the Transient Reactor Test (TREAT) facility (that
DOE may restart). With standardized test rigs with advanced instrumentation, US MTRs will be able to
more readily meet US industry and regulator needs for sustainment of nuclear energy. As discussed within
this report, this domestic capability could assist in evaluating phenomena affecting US commercial nuclear
power plants, such as fuel thermal conductivity degradation as a function of burnup and fuel dispersion and
axial relocation during a Loss of Coolant Accident (LOCA).
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ACRONYMS AND ABBREVIATIONS

ACRR Annular Core Research Reactor
ADELINE  Advanced Device for Experimenting up to Limits Irradiated Nuclear fuel Elements
ARC Advanced Reactor Concepts

ASTM American Society for Testing and Materials
ATR Advanced Test Reactor

ATRC Advanced Test Reactor Critical

BR2 Belgium Reactor 2

BTB Back-To-Back

BWR Boiling Water Reactor

CALIPSO In Core Advanced Loop for Irradiation in Potassium SOdium
CEA Commissariat 4 'Energie Atomique et aux Energies Alternatives
CFD Computational Fluid Dynamics

CGR Crack Growth Rate

CNEA Argentinean National Energy Commission
COD Crack tip Opening Displacement

CT Compact Tension

CVD Chemical Vapor Deposition

DCPD Direct Current Potential Drop

DG Diameter Gauge

DOD Department of Defense

DOE Department of Energy

DOE-NE Office of Nuclear Energy in the Department of Energy
DSC Differential Scanning Calorimeter

ECN Netherlands Energy Research Foundation
ECP Electrochemical Corrosion Potential

EDL Electronics Design Laboratory

EFDA European Fusion Development Agreement
EFPI Extrinsic Fabry-Perot Interferometer

EGT Experimental Guide Tube

EPRI Electric Power Research Institute

ETR Engineering Test Reactor

FCRD Fuel Cycle Research and Development

FP Fabry-Perot

FNDS Fast Neutron Detection System

HANARO  High Advanced Neutron Application Reactor
HBWR Halden Boiling Water Reactor

HFIR High Flux Isotope Reactor

HFR High Flux Reactor
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HRB Hochtemperatur-Reaktorbau

HSIS Hydraulic Shuttle Irradiation System

HTIR-TC High Temperature Irradiation Resistant ThermoCouple
HTGR High Temperature Gas Reactor

HTTR High Temperature Test Reactor

HTTL High Temperature Test Laboratory

IASCC Irradiation Assisted Stress Corrosion Cracking

IAEA International Atomic Energy Agency

D Inner Diameter

IDR Invention Disclosure Record

IFE/HRP Institutt for Energiteknikk (Institute for Energy Technology) at the Halden Reactor Project
INP NNP Institute of Nuclear Physics at the National Nuclear Center

INTA Instrumented Test Assembly
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1. INTRODUCTION

The Department of Energy (DOE) designated the Advanced Test Reactor (ATR) as a National Scien-
tific User Facility (NSUF) in April 2007 to support the growth of nuclear science and technology in the
United States (US). By attracting new research users - universities, laboratories, and industry - the ATR
NSUF facilitates basic and applied nuclear research and development, further advancing the nation's
energy security needs. A key component of the ATR NSUF effort is to provide new in-pile sensors and test
rigs that are capable of providing real-time measurements of key parameters during irradiation. To address
this need, it is important to know what instrumentation is available and under development at other test
reactors. In addition, alternate sensor technologies that aren’t currently deployed in test reactors, but offer
enhanced sensing capabilities, must be identified. Based on an initial instrumentation review completed in
2008, recommendations were made with respect to what instrumentation is needed at the ATR, and a strat-
egy was developed for obtaining these sensors. In 2009, a report was issued documenting this instrumenta-
tion development strategy and initial progress toward accomplishing instrumentation development
program objectives.1 Since 2009, annual 1"<ep(:n1152-‘3 have been issued to provide updates on this program
strategy and the progress made toward implementing the strategy. This report provides an update reflecting
progress as of January 2014 toward designing, developing, and deploying enhanced instrumentation.

1.1. Background

The ATR is a pressurized, light-water moderated, beryllium-reflected research reactor located at the
Idaho National Laboratory (INL). Its ability to produce an extremely high neutron flux makes it possible to
subject materials to the equivalent of years of radiation exposure in a commercial nuclear reactor in a mat-
ter of weeks or months. The ATR core design allows many experiments to run concurrently, with each
experiment receiving a different and carefully controlled level of neutron irradiation. Originally commis-
sioned in 1967 to evaluate fuels and materials performance for the Navy Nuclear Propulsion Program, the
ATR is expected to continue operating until at least 2050.

As noted above, DOE’s decision to designate the ATR as a NSUF is increasing the ATR’s customer
base from various nuclear science and technology programs. In addition, instrumentation efforts to support
such irradiations are now derived from several DOE-sponsored nuclear research and development pro-
grams, including the Next Generation Nuclear Plant (NGNP), the Fuel Cycle Research and Development
(FCRD), and the Nuclear Energy Enabling Technology (NEET) efforts. New in-pile instrumentation will
further increase the ATR s ability to attract new customers from the commercial power, defense, and man-
ufacturing sectors.

It is recognized that improved instrumentation techniques and standardized test rigs with advanced
instrumentation are needed to support ATR in-pile irradiations. For decades, irradiation tests at interna-
tional material test reactors (MTRs) have used in-pile instrumentation to measure parameters, such as tem-
perature, dimensional changes, fission gas release, neutron fluence, and gamma heating. However, US
instrumentation for in-pile testing lags behind instrumentation available at international MTRs. Hence, a
key component of the ATR NSUF is to develop, fabricate, and demonstrate the performance of new
real-time sensor technologies required to measure key parameters for irradiation testing and standardized
test rigs incorporating such sensors to reduce irradiation costs and schedules.
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INL’s existing High Temperature Test Laboratory (HTTL) is a unique facility for developing, fabricat-
ing, and performing laboratory demonstrations of proposed new instrumentation. This facility features spe-
cialized sensor fabrication and evaluation equipment and trained staff with an established reputation for
developing unique sensors. In December 2013, capabilities of the HTTL were relocated to INL’s Research
and Education Laboratory (REL), a newly constructed facility in Idaho Falls. As shown in Figure 1-1, the
recently-relocated HTTL houses specialized sensor fabrication and evaluation equipment, including a laser
welder, a real-time x-ray imaging system, a custom draw bench, several autoclaves, several tube furnaces
(capable of temperature up to 1800 °C), and a vacuum furnace (capable of temperatures up to approxi-
mately 2800 °C). In addition, a special area of the new facility houses existing HTTL systems for measur-
ing thermal properties of materials; such as a laser flash thermal property analyzer for thermal diffusivity
measurements (and comparative specific heat and thermal conductivity measurements) up to 2800 °C, a
pushrod dilatometer for comparison thermal elongation measurements up to 1600 °C, and a Differential
Scanning Calorimeter (DSC) for obtaining specific heat capacity and melting temperature measurements
up to 1600 °C. The new facility includes a specially-designed sensor fabrication room with locations for
additional specialized equipment, such as an e-beam welder and a three-dimensional computer tomogra-
phy machine. Hence, the HTTL is anticipated to have an increased role in ensuring that instrumentation is
available to users of NSUF facilities and to address other DOE-NE program needs.

—
]
Bl =]
= High  ses [ ) [ree—
h Temperature Sensor Fabric Material Property
Furnace Area g*=~"=

Characterization

L]

Tube Fumace
(1200°C)

Figure 1-1. _HTTL layout and equipment.

To address the need for fabricating advanced test rigs, INL constructed and equipped the Test Train
Assembly Facility (TTAF). The TTAF, which is located near the ATR, is used for final assembly of exper-
iments to be installed at the ATR. The TTAF was designed and furnished with the equipment necessary to
support the assembly of various configurations and design of test train experiments. The TTAF has varied
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welding capabilities, included automated lathe and orbital gas tungsten arc welding (GTWAW), micro spot
welding, and manual welding, that can be used to assemble various test train experiments. The TTAF also
has the ability to perform induction brazes, an integral component in the assembly of test train experi-
ments. Machining capabilities, such as a mill and a lathe, are also available at the TTAF. Experienced
TTAF staff are available to support engineering and fabricate the experiment assemblies.

Figure 1-2. An irradiation experiment assembled using TTAF welding and brazing methods.

1.2. Report Content

As noted above, this effort began by completing a review to document what in-pile instrumentation is
currently available at the ATR and other MTRs and what instrumentation could be developed or trans-
ferred from other applications to enhance in-pile irradiation testing. This report provides results from an
updated review. Section 2 provides an overview of irradiation locations available in the ATR and the ATR
Critical (ATRC) facility, what materials are typically irradiated in various experimental configurations,
and what instrumentation is typically available for each configuration. Section 2 also highlights irradiation
capabilities of other test reactors in the US and abroad. Section 3 summarizes instrumentation currently
used to support test reactor programs and on-going efforts to provide instrumentation to facilities outside
the INL. Section 4 outlines a program for obtaining all of the higher priority instrumentation, based on cus-
tomer input, required for near-term and long-term irradiations at ATR and other test reactors. Where possi-
ble, potential collaborators are identified for obtaining this instrumentation. Section 5 summarizes INL
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progress on accomplishing objectives in the plan presented in Section 4, identifying new in-pile instrumen-
tation under development at INL to support ATR irradiations and reporting on the status of each research
effort. References for this document are listed in Section 6.
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2. BACKGROUND

As in prior status reports, this section provides an overview of irradiation locations available in the
ATR and ATRC, what materials are typically irradiated in representative experimental configurations, and
what instrumentation is typically available for each configuration. A brief overview of capabilities at other
selected MTRs is also included.

2.1. ATR

The ATR is a unique facility for scientific investigation of the irradiation of nuclear fuels and materi-
als.*® Designed to allow simulation of high neutron radiation exposures in a short time period, the ATR
has a maximum power rating of 250 MW,, with a maximum unperturbed thermal neutron flux of
1 x 1013 n/cm?-s and a maximum fast neutron flux of 5 x 101* n/cm?-s. The ATR is cooled by pressurized
(2.5 MPa) water that enters the reactor vessel bottom at an average temperature of 52 °C, flows up outside
cylindrical tanks that support and contain the core, passes through concentric thermal shields into the open
part of the vessel, then flows down through the core to a flow distribution tank below the core. When the
reactor is operating at full power, the primary coolant exits the vessel at 71 °C.

2.1.1. Reactor Design and Characteristics

As shown in Figure 2-1, the ATR core consists of 40 curved plate fuel elements in a serpentine
arrangement around a 3 x 3 array of primary testing locations, or nine large high-intensity neutron flux
traps. The unique ATR control device design permits large power variations among its nine flux traps
using a combination of control cylinders (drums) and neck shim rods. The beryllium control cylinders con-
tain hafnium plates that can be rotated toward and away from the core. Hafhium shim rods, which with-
draw vertically, are inserted or withdrawn for minor power adjustments. Within bounds, the power level in
each corner lobe of the reactor can be controlled independently to allow for different power and flux levels
in the four corner lobes during the same operating cycle. The ratio of fast to thermal flux can be varied
from 0.1 to 1.0. In addition to the nine large volume (up to 48"/1.2 m long and up to 5.0"/13 cm diameter)
high-intensity neutron flux traps, there are 66 irradiation positions inside the reactor core reflector tank,
and there are two capsule irradiation tanks outside the core with 34 low-flux irradiation positions. A
Hydraulic Shuttle Irradiation System (HSIS), more commonly referred to as the “Rabbit”, has also been
installed in the ATR. The HSIS provides the ATR the capability to irradiate samples in small capsules (in
the B-7 position) for materials research, rapid activations, and isotope production.’

2.1.2. Test Configurations and Conditions

Irradiated samples are enclosed in test capsules that are then typically placed in a basket to facilitate
positioning within the reactor. This section provides summary information about the primary ATR test
configurations, which are conceptually shown in Figure 2-2. More detailed information can be found in
References 4 and 9.

»  Static Capsule Experiments - These capsules may contain a number of small samples or engi-
neered components. Static capsule experiments may be sealed or may contain material that can be
in contact with the ATR primary coolant. Capsules may be any length, up to 122 cm and may be
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Figure 2-1. ATR core cross section showing irradiation locations.
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Figure 2-2. Schematic diagrams illustrating primary ATR irradiation locations.
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irradiated in any core position, including the flux traps. Irradiation temperature may be selected,
within limits, by including a gas gap in the capsule with a known thermal conductance. Peak tem-
peratures may be measured using a series of melt wires or silicon carbide temperature monitors.
Accumulated neutron fluences may be verified using flux wires or activation foils.

Instrumented Lead Experiments - Active control of experiments and data from test capsules dur-
ing irradiation is achieved using core positions with instrumentation cables and temperature con-
trol gases in ATR instrumented lead experiments. Such experiments can have instrumentation,
such as thermocouples, connected to individual capsules or single specimens. This instrumentation
can be used to control and monitor conditions within the capsule. For example, temperature con-
trol in individual zones is performed by varying the gas mixture (typically helium and neon) in the
gas gap that thermally links the capsule to the water-cooled reactor structure. In addition to tem-
perature, instrumented lead experiments can be configured to monitor the gas around the test spec-
imen. In a fueled experiment, the presence of fission gases due to fuel failures or oxidation can be
detected via gas chromatography. Instrument leads allow real time display of experimental param-
eters in the control room.

Pressurized Water Loop Experiments - Five of the nine ATR flux traps used for materials and
fuels testing are equipped with pressurized water loops (at the NW, N, SE, SW, and W locations).
A sixth loop became operational in 2012. Each of the water loops can be operated at different tem-
peratures, pressures, flow rates, or water chemistry requirements. These loops can operate above
the standard temperatures and pressure of a commercial Pressurized Water Reactor (PWR) power
plant. The great advantage of loop tests is the ease with which a variety of samples can be sub-
jected to conditions specified for any PWR design. Each ATR pressurized loop is instrumented to
measure and control coolant flows (both inert gas and water), temperatures, pressures and sample
test data.

Rabbit Tests - The HSIS, or “rabbit”, enables insertion and removal of experiment specimens dur-
ing ATR operational cycles. The HSIS is installed in the B-7 reflector position, which is one of the
higher flux positions in the reactor with typical thermal and fast (>1 MeV) fluxes of approximately
2.5E+14 n/cm?*/sec and 8.0E+13 n/cm?*/sec, respectively. The titanium experiment capsules, or
shuttles, are approximately 16 mm in diameter x 57 mm in length with interior usable dimensions
of 14 mm in diameter x 50 mm long. Up to 14 capsules can be used for irradiations simultane-
ously, although one does not need to fill all 14 capsules for a test.

2.2. ATRC

Located at the INL, the ATRC Facility is a full-size nuclear mock-up of the ATR core that allows
researchers to characterize in advance the expected changes in ATR core reactivity due to a proposed test.
This facility generally operates at a thermal power of less than 5 kW (with associated peak thermal fluxes

2

of around 10'° n/cm?-s and a maximum fast neutron flux of around 10° n/cm?-s).

2.2.1. Reactor Design and Characteristics

The primary difference between the ATRC Facility and ATR is that the ATRC Facility is a pool reac-
tor, while the ATR is a pressurized water reactor contained in a vessel. In addition, a second difference is
that the highly-enriched uranium fuel in the ATRC Facility is uniformly loaded with boron while the ATR
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fuel is not. A third difference of note is that the ATRC Facility uses five cadmium-plated safety rods while
the ATR uses six hafhium-plated safety rods. During operation, these differences are insignificant. ATRC
Facility criticality is normally attained at a power greater than 0.25 mW. However, this pool-type reactor
(Figure 2-3) usually operates at a power level of about 600 W and provides useful physics data for evaluat-
ing:

* worth and calibration of control elements,
*  excess reactivities and charge lifetimes,

* thermal and fast neutron distributions,

* gamma heat generation rates,

+ fuel loading requirements,

+ effects of inserting and removing experiments and experiment void reactivities, and temperature
and void reactivity coefficients.

Figure 2-3. ATRC Facility layout.

2.2.2. Test Configurations and Conditions

As part of the ATR NSUF, specialized fixtures and associated positioning software were developed
and installed by INL to evaluate and calibrate real-time flux sensors and irradiate fuels and materials. Ini-
tial ATRC Facility tests (see Figure 2-4), which began in 2010, compare the response and accuracy of spe-
cially-developed real-time flux detectors to integral fluence monitors. This testing effort includes
experimental guide tubes (EGTs) that can position the detectors at up to six of the N-16 positions and spe-
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cialized fixtures that can position detectors in the Northwest Flux Trap and the Southeast Standard In-Pile
Tube. Additional information about this effort is provided in Section 5. However, it should also be noted
that the ATRC Facility’s pool type design offers users enhanced flexibility for testing in lower flux condi-
tions. Instrumented lead tests are more easily included in ATRC Facility test configurations because no
pressure vessel penetrations are required.

To DAS

EGTs (6)
inserted
in ATR-C

Flux detector

Center
flux trap

Combined Bridge clamp
stepper motor, and slider
controller,
and encoder Guide tube

Top of core

Quter shim
control
cylinder
e 11-GAS0001-106

Figure 2-4. Sample /sensor positioning equipment and insertion locations at ATRC Facility.

2.2.3. Other MTRs

Table 2-1 compares operating parameters for selected test and prototype reactors used (or under con-
struction) throughout the world. Information in this table was primarily obtained from the International
Atomic Energy Agency (IAEA) Nuclear Research Reactor Database,'? which contains information from
nearly 280 research reactors (operating, shutdown, and proposed). Although these reactors range in power
levels from 0 to several hundred MWt, nearly 200 of them have power levels below 5 MWt. Most of the
reactors listed in Table 2-1 achieved criticality in the 1960s (or earlier). Among the operating reactors,
there are two exceptions: the High Advanced Neutron Application Reactor (HANARO) reactor in South
Korea, which went critical in 1995 and the prototype High Temperature Test Reactor (HTTR) in Japan,
which went critical in 1998.
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Table 2-1. Comparison of design parameters in selected operating test reactors.

Pt ATR HFIR MITR HBWR HFR OSIRIS? | JHR BR2 Hanaro JMTR
arameter | (ysa) | (usa) | (usa) (Norway) | (Netherlands) | (France) | (France) | (Belgium) |(South Korea)| (Japan)
First criticality | 1967 1965 1958 1959 1961 1966 2017 1961 1995 1968
Maximum 250 100 5 20 60P 70 100 100 30 50
thermal power,
Max. thermal | 1x 103 | 2x 1013 | 4 x 101 1x 10™ 3x10M 3x10™ | 5x10™ | 1x10" 5x 10" 4x10™
neutron flux,
n/cm*-sec
Max. fast flux, | 5x 10| 1x 10" | 1x 10" 1x10" 5x10M 3x10™ | 1x10% | 7x10" 3x 10 4x 10"
n/em?-sect
Fuel material UAL | usogal | ual U0, U-Al Alloy UsSi» Al | UMo-Ald UAI UsSi- Al USisAlx
Fuel rodiplate | 1.22 0.61 0.56 0.80 0.63 0.95 0.60 0.91 0.70 127
length, m
an.ary coolant HQO H2O H2O D20 H2O HQO Hzo HQO H2O HQO
Test conditions®| PWR, | PWR, PWR, | PWR,BWR, | PWR, BWR, PWR PWR, PWR | PWR,PHWR [ BWR,
HTGR | HTGR | BWR, PHWR, HTGR HTGR
HTGR |VVER, HTGR

. Scheduled for shutdown in 2015. France is constructing a new 100 MWy, materials test reactor, the Jules Horowitz Reactor (JHR).
Uprate possible in 1984 after new reactor vessel installed.

E=>0.1 MeV

The reactor will be started with U3Si>-Al fuel, and transitions when it becomes available.

PWR- Pressurized Water Reactor;, HTGR - High Temperature Gas Cooled Reactor, BWR-Boiling Water Reactor, PHWR - Pressurized
Heavy Water Reactor, and VVER - Vodo-Vodyanoi Energetichesky Reactor (Pressurized Water Reactor)

paepow

The Jules Horowitz Reactor (JHR).!! #rough 15 which is scheduled to go critical in 2017, is another
exception with respect to its initial date for achieving criticality. The JHR is being built to replace materials
irradiation capabilities of older reactors in Europe as they are retired from service. This 100 MWt reactor is
designed to include static capsules, instrumented capsules, and in-pile loops. To support irradiation pro-
grams anticipated for the JHR, Commissariat 4 'Energie Atomique et aux Energies Alternatives (CEA) is
developing several standard test train types for experiments in loops at nominal and off-normal Light
Water Reactor (LWR) conditions, for capsules at LWR accident conditions, for tests in loops containing
sodium potassium with high dpa and low thermal gradients, and for tests in loops at gas reactor conditions
(see Figure 2-5).13 Recent reports!? through 15 i1\ dicate that these devices will be deployed in phases. Efforts
are underway to qualify prototypes for the first phase of these devices, such as:

*  MADISON (Multirod Adaptable Device for Iiradiations of LWR fuel Samples Operating in Nor-
mal conditions) -A test train in an in-core loop for fuel testing under normal LWR (PWR or BWR)
conditions; will measure temperature, pressure, water flow and cladding elongation using Linear
Variable Differential Transformers (LVDTs)

* CALIPSO (In Core Advanced Loop for Irradiation in Potassium SQdium) - A test train for in-core
irradiation at controlled temperature, at low pressure, under high flux, and forced Sodium-Potas-
sium (NaK) convection; CALIPSO is an in-core sodium potassium loop for material testing under
high (~16) dpa/year, temperatures between 250 and 450 °C, and limited thermal gradients
(< 8 °C): seeking to qualify for higher temperatures (up to 650 °C)

*+  MICA (Material Irradiation CApsule) - A test train for in-core irradiation at controlled tempera-
ture, at low pressure, under medium flux (with static NaK), similar to CALIPSO; alternate design
allows testing at high temperatures (up to 1000 °C) gas reactor conditions.

* ADELINE (Advanced Device for Experimenting up to Limits Irradiated Nuclear fuel Elements) -
A test train in an in-pile loop for fuel testing under LWR (BWR or PWR) off-normal conditions
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(e.g. power ramps) with temperature, pressure, water chemistry, elongation, flux (using Self-Pow-
ered Neutron Detectors), and fission product measurements.

MICA (material irrad) LORELEI fuel testin% pressure
adapted to 1000°C gas under accidental
conditions (Phaeton type — conditions (LOCA)
OSIRIS technology)

High temp material
irradiation (600-1000°C)
Large capacity 1

i
XN

CALIPSO & MICA

For material testing under high i
dpa and controlled thermal 1 INE
gradient (250 — 450°C) &

" OCCITANE (IRMA)
i For pressure vessel
steel testing

~+ Transmutation
studies

CLOE

Corrosion loop for
Zr alloy corrosion
and IASCC

ADELINE

rcnrt LWR nglel
MADISON dl testing under
i off-normal
For LWR fuel testing : 2
under nominal conditions _ ! gf:a fﬁglto conditions
t'{ and material

EWHTOZ 14

Figure 2-5. Test trains under development for JHR.

Subsequent efforts will focus upon other devices that can be deployed for various tasks, including tran-
sient fuel response testing, isotope production, and materials irradiation:

+ LORELEI (Light water One-Rod Equipment for Loss of Coolant Accident (LOCA) Experimental
Investigations) - A test capsule for fuel testing under LWR (PWR or BWR) LOCA conditions to
observe phenomena such as clad ballooning or rupture, corrosion, and quench behavior and inves-
tigate fission product release.

* CLOE - Corrosion loop for evaluation of zircaloy alloy corrosion and irradiation assisted stress
corrosion cracking.

*  MADISON (Multirod Adaptable Device for Irradiations of VVER fuel Samples Operating in Nor-
mal conditions) -A second loop for fuel testing under normal VVER conditions; will measure tem-
perature, pressure, water flow and cladding elongation using LVDTSs
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+ IRMA- A static capsule for testing pressure vessel steel
*  MOLI - Experimental capsules for radioisotope production

In the longer term, CEA will be developing a large capacity instrumented lead test for high tempera-
ture (600-1000 °C) material irradiations, and static capsules for transmutation studies. Iiradiation facilities
for conducting severe accident evaluations, gas reactor fuel evaluations, and LWR fuel material properties
evaluations are also under consideration.

The Halden Boiling Water Reactor (HBWR) also merits further discussion. Although this reactor is
older and its maximum power level (20 MWt) is over an order of magnitude smaller than the ATR, its test-
ing flexibility and the expertise of its staff for instrumenting its tests make this facility unique. For decades,
organizations within the international community (including the US Nuclear Regulatory Commission, ven-
dors such as General Electric and AREVA, and the US Naval Reactor Program) have utilized this facility
for in-pile irradiation needs. Approximately 40% of HBWR testing is devoted to Organization for Eco-
nomic Cooperation and Development (OECD) programs with the remainder sponsored by bilateral agree-
ments between Norway and customers from other countries.'®17 Most of these bilateral agreements allow
the HBWR to perform tests for utility customers to address issues related to fuel thermal performance, fuel
pellet/clad interactions, fuel fission gas release, reactor vessel embrittlement, and structural materials deg-
radation (e.g., corrosion, creep, etc.). As noted in Table 2-1, this reactor has loops for simulating BWR,
PWR, Pressurized Heavy Water Reactor (CANDU), and Vodo-Vodyanoi Energetichesky Reactor (VVER)
conditions. In addition, as discussed in Section 3.3, their focus on standardized test rigs and sophisticated
sensors has made them unique in their ability to investigate a wide range of phenomena of interest to the
LWR industry, such as fuel thermal conductivity degradation, irradiation assisted stress corrosion crack-
ing, pellet cladding mechanical interaction, axial offset anomaly, etc.

2.2.4. Summary

Many material and fuel irradiations support research programs for existing LWRs (e.g., PWRs and
BWRs) and advanced reactors (e.g., gas-cooled reactors, sodium fast reactors, and fusion reactors). Suc-
cessful development and deployment of advanced reactors depends to a large extent on demonstration of
“enabling” technologies. For example, the high temperature irradiation performance of new fuels and
structural materials must be demonstrated with instrumented tests in prototypical environments. In addi-
tion, MTRs also support a wide range of non-nuclear programs including medical isotope production
research, and semiconductor industry production (neutron transmutation doping of semiconductors).
Improved instrumentation for such tests offer the potential to obtain higher fidelity data, reduce irradiation
costs, increase isotope production, and improve doping processes. Although other test reactors, such as the
HBWR, currently have superior instrumentation capabilities and more flexible test trains, the ATR can be
made competitive by adding similar, if not enhanced, capabilities.
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3. INTERNATIONAL DEVELOPMENT EFFORTS

As noted in Section 1, new instrumentation is needed to support in-pile irradiation tests MTRs. In
recent years, several international organizations have either initiated or enhanced their research instrumen-
tation development programs as outlined in this section.

Table 3-1 summarizes the status of in-pile sensors that are currently-available and under development
at various research organizations in Belgium, France, Japan, Korea, Norway, and the Netherlands.!® Sev-
eral test reactor programs in Europe, the United States, and Asia, such as the program conducted by the
Institute for Energy Technology at the Halden Reactor Project (IFE/HRP), have maintained their instru-
mentation development capability and offer a selection of sensors for irradiation testing. The Japan Atomic
Energy Agency (JAEA) in Japan, Studiecentrum voor Kernenergie Centre d’Etude de I’Energie Nucléaire
(SCK*CEN) in Belgium, and Korea Atomic Energy Research Institute (KAERI) in Korea also offer
selected instrumentation to users performing irradiations in their test reactors. The CEA in France, which
supports their existing MTR (OSIRIS) and their new MTR (JHR), and INL in the United States, which
supports the ATR, not only offer users a suite of instrumentation, but are rapidly trying to increase the
types of sensors available to users at their facilities.

Current capabilities and recent advances by several of these foreign organizations are of interest as
INL expands ATR NSUF instrumentation capabilities. For example, this section summarizes recent
advances by CEA (Section 3.1) to develop calorimetry techniques for measuring localized heating and to
develop a test rig capable of biaxial measurements of fuel creep during irradiation and by IFE/HRP (Sec-
tion 3.3) to enhance their methods for detecting crack initiation and to deploy gamma thermometers to
measure localized heating. Because ATR NSUF users have expressed interest in measuring changes in fuel
length and diameter, localized heating, crack growth, and diameter changes during irradiation, new efforts
(see Section 5) have been initiated at INL to make many of these capabilities available to ATR NSUF
users. In addition, INL continues to monitor foreign efforts to deploy advanced technologies, such as the
in-pile use of ultrasound-based sensors. Such new INL sensor development efforts are informed by consid-
ering applicable foreign experience.

3.1. CEA

The “INSNU” program was initiated by the French CEA with the aim of developing innovative in-pile
instrumentation to meet the needs of emerging nuclear programs, such as Generation IV reactor, fusion
reactor, and fuel cycle research.!1-1%- 19-23 The scope of this program includes:

* radiation measurements (e.g., neutron flux and gamma heating)

* measurements of physical parameters inside the irradiation rigs (e.g., temperature, pressure, sam-
ple dimensions, and fission gas release)

The orange boxes in Figure 3-1 identify instrumentation areas studied within the INSNU program.

Originally, CEA instrumentation development was focussed on the INSNU program, which was a
combined CEA-Saclay and SCK+CEN effort to improve instrumentation in the OSIRIS reactor in Saclay,
France, and the Belgium Reactor 2 (BR2) in Mol, Belgium. However, in preparation for the JHR that will
go critical in Cadarache, France in 2016, the CEA instrumentation effort was moved to Cadarache and
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Table 3-1. In-pile instrumentation status at SCK*CEN, CEA, JAEA, KAERI, IFE/HRP, and NRG.

Kernenergie * Centre d’Etude
de 'Energie Nucléaire

Research Organization / Technology
Country Sensor Parameter Detection Status
Studiecentrum voor SPND? Thermal flux Operational

Fission chambers

Thermal and fast flux

Operational (fast detectors qualified
in 2009; Joint Lab with CEA)

creep-induced elongation

(SCK*CEN) /Belgium Fiber optics Length Under development (Joint Lab with
CEA)
LVDTs with unstressed Length/ creep-induced Participated in qualification testing
bellows and stressed bellows |elongation with VIT (IFE/HRP LVDTs)
Flux wires and foils Fluence (neutron) Operational
Melt wires Peak Temperature Operational
Commissariat a I’Energie Fission chambers (down to [Thermal and fast flux Operational (Joint Lab with
Atomique et aux Energies 1.5 mm diameter) SCK+CEN)
Alternatives (CEA)/ France |SPND Thermal flux Operational
SPGD Gamma flux Operational
Flux wires and foils Fluence (neutron) Operational
Gamma calorimeter Localized heating Operational
Melt wires Peak Temperature Operational
Thermocouples (Type K. N, |Temperature Operational, Mo/Nb alloy
and C thermocouples) thermocouples not yet irradiated.
Noise thermometry Temperature Under development
Fixed pomt p-cells Temperature Under development
Counterpressure sensor Fission gas release (pressure |Operational (also placed on
in fuel rod) previously irradiated fuel)
Acoustics Fission gas composition and |[Operational (placed on previously
pressure irradiated fuel rod)
LVDTs / Diameter Gauge [Biaxial (length and diameter) |Operational (To be deployed in
(DG) measurements of fuel OSIRIS in 2014)
dimensional changes
Fiber optics Length Operational (Joint Lab with
SCK*CEN)
Korea Atomic Energy Melt wires Peak Temperature Operational
Research Institute (KAERI)/ |Thermocouples (Type K and |Temperature Operational
Korea C)
Flux wires Fast fluence Operational
LVDT Pressure, UO, elongation/  [Operational for pressure fuel

elongation detection /under
evaluation for creep testing (IFE/
HRP LVDTSs)

SPNDs (V-, Rh-emitter)

Thermal flux

Operational (commercially- made
SPNDs)

Nuclear Research &
Consultancy Group (NRG) /
Netherlands

Neutron metrology sets: SS
tubes containing quartz
minitubes with flux wires
(Nb, Ti, Fe, Ni, Co)

Fluence

Operational

SPNDs Thermal flux, power, fuel Operational (commercially-made
heatup rate SPNDs)

Thermocouples (Type K and [Temperature Operational

N)

LVDT Pressure Operational (IFE/HRP LVDTs)

Silicon chip tfransducer; tube |Pressure Operational®

containing silicon chip
influenced by pressure.

Gamma spectrometry system
and temperature monitoring
and control by gas mixture

Near real-time fission product
sampling and gas temperature
control by gas mixture control

Operational

INL/EXT-13-30427
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Table 3-1. In-pile instrumentation status at SCK*CEN, CEA, JAEA, KAERI, IFE/HRP, and NRG.

and C)

Research Organization / Technology
Country Sensor Parameter Detection Status
Japan Atomic Energy Agency [Fission chambers (1.8 mm  |Thermal flux (with 2>°U Operational
(JAEA)/JTapan diameter) deposits)
SPNDs Thermal flux (Rh, Co, and Operational
Pt-40%Rh emitters)
Flux wires Fast (Fe) and thermal (Al-Co, [Operational
V-Co, and Ti-Co) fluence
Melt wires Peak Temperature Operational
Thermocouples (Type K, N, |Temperature Operational® (also placed on

previously irradiated fuel

LVDT (stressed with bellows

Pressure, length/

Operational (Japanese LVDTs and

and unstressed) creep-induced elongation bellows)
DCPD method with CT Crack growth Operational
specimens and bellows

loading

Institute for Energy
Technology/Halden Reactor
Project (IFE/HRP) / Norway

LVDT (stressed with bellows
and unstressed) and DG

Pressure, length/
creep-induced elongation and
diameter changes

Operational (enhancements
explored with CEA and INL); DG
improvements underway

Eddy-current probe

Oxide thickness deposited on
fuel rods; cladding defects;
crack growth

Under development

Melt wires

Peak Temperature

Operational

Expansion thermometer

Temperature

Operational

Thermocouples (Type K. N,
and C)

Temperature® and thermal
c:onducti\«‘ityd

Operational (also place on
previously irradiated fuel

Flux wires Fast (Fe, Ni) and thermal Operational
(Al-Co) fluence
SPNDs Thermal flux, power, fuel Operational (commercially-made

heatup rate and burnup; power

and IFE/HRP-made sensors)

Gamma thermometer

Gamma flux; gamma heating;
water level

Operational (IFE/HRP- sensors)

DCPD method with CT Crack growth Operational
specimens and bellows
Turbine Flowmeter Inlet /outlet flow (single or  |Operational

two phase); with channel
power information, outlet void
fraction

Electrical chemical potential
measurements (platinum or
palladium electrodes)

Oxygen concentration,
hydrogen concentration (e.g.,
corrosion potential); Water
chemistry

Operational

a. Abbreviations: LVDT,

ter of Finland

linear variable differential transformer; DG, diameter gauge; SPND, self-powered neutron
detector; SPGD, self-powered gamma detector; DCPD, direct-current potential drop; CT, compact tension;
HTIR-TC, high-temperature irradiation-resistant thermocouple; SiC, silicon carbide; VTT, Technical Research Cen-

b. Using Kulite Semiconductor Products, Inc. outside high neutron and gamma radiation location.

c. HBWR-specific corrections required to compensate for transmutation that occurs in Type C high temperature ther-
mocouples during irradiation. However, similar temperatures and fluxes and temperature gradients and flux distribu-
tions must exist during irradiation in order to apply such correction factors, and thermocouple lifetimes are generally
limited to 1 year. Informal HRP discussions indicate that batch-to-batch variations in Type C thermocouples
adversely affect performance.

15

. Thermal conductivity estimates require assumptions about fuel densification, and gap conductance.
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| Instrumentation for irradiation experiments in research reactors

[

Nuclear measurements

Measurements in irradiation devices

‘ Neutron flux

l

[

Measurements on samples

Measurements on environment

l Nuclear heating

‘ Fluence | dosimetry

Fundamental neutronic
parameters

Samples temperature

Environment temperature

Dimensions

Environment pressure

Mechanical loading

Defects, failure

Mass flow

Fission gas release

| Physical-chemistry |
| Diphasic flow, void fraction |

Fuel movement

Corrosion thickness

Figure 3-1. In-pile instrumentation needs pursued by INSNU for irradiation experiments.°

expanded to include a larger number of organizations and sensor development activities. In addition, as

noted in Section 2, efforts include development of standardized test rigs.

As discussed in References 14 and 15, decisions for CEA instrumentation development are based on
users-needs, and development efforts include in-pile qualification. Instrumentation development efforts are
often a collaborative effort between government research laboratories [CEA, Paul Scherrer Institute (PSI),
HRP, etc.] and industry (e.g., Photonis, Thermocoax, etc.). By including industry partners, developers
ensure sensor availability from a commercial supplier.

General characteristics of instrumentation developed include:

* Reliable (because it is impossible or difficult to perform maintenance on irradiated objects)

*  Accurate (sensors must meet testing requirements; e.g., pm dimensional measurements)

*  Miniature (irradiation volumes are limited with narrow dimensions; few mm available)
*  High temperature resistant (> 300 °C, up to 1600 °C)
* Corrosion resistant (in pressurized water, high temperature gas, and liquid metals)
* Neutron / y “resistant” (dose > 1GGy/day and > 10 dpa/year in MTRs)

As noted in References 21 and 23, in-pile instrumentation must be developed that doesn’t pose a threat to
the safety or economic operation of the test reactor (e.g., “simpler” is smarter). Selected examples of CEA
in-pile instrumentation development are discussed below. Because some of their sensor development
efforts are collaborations with SCK+CEN, additional examples may be found in Section 3.2.

INL/EXT-13-30427
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3.1.1. Subminiature Fission Chambers

For decades, in-pile neutron flux measurements were obtained using Self Powered Neutron Detectors
(SPNDs), and signals were generally correlated with post-irradiation analysis of activation foil dosimeters.
The development of CEA’s sub-miniature fission chambers for in-pile measurements of high thermal neu-
tron fluxes (up to 4x10'* n/cm?-s) represents a significant improvement. These sensors, which have exter-
nal diameters of only 1.5 mm and contain a U?*> fissile deposit, were qualified in the BR2 in the
CALLISTO loop between 2001 and 2004. However, additional studies continue to verify sensor robust-
ness. These sensors are now manufactured by the PHOTONIS Company under the name “CFUZ53” (see
Reference 24).

Argon

External diameter ; 1.5mm == T = fpmmmee .

Anode + Fissile deposit Insulation

Figure 3-2. CEA-developed sub-miniature fission chamber.

In addition, as part of the Joint Instrumentation Laboratory, CEA-SCK+*CEN developed fission cham-
bers for online in-core measurement of the fast component of a high neutron flux (~ 10'* n/cm?-s) with an
uncertainty of 10% or less in locations with thermal fluences up to 102! n/cm?. The fast neutron detection
system (FNDS: see Figure 3-3) is based on a patented miniature fission chamber with a special fissile
deposit sensitive to fast flux with a low thermal contribution and is operated in Campbelling mode for a
high 2g;;1mma rejection. The choice of the fissile deposit is key in these fission chambers for two main rea-
sons:

* The fission cross-section is usually much larger for thermal neutrons than for fast neutrons. More-
over, even for the few isotopes presenting an energy threshold near 1 MeV, such as 233U or 2#?Pu,
it remains small (e.g., a few barns) for fast neutrons.

* The potential to form other isotopes via radiative capture of (primarily thermal) neutrons. This
process, either directly or after some radioactive decay, leads to new isotopes in the deposit that
may fission preferentially with thermal neutrons. The sensitivity to thermal neutrons in a chamber
based on these isotopes therefore increases gradually. Because of their large size and of the local
perturbation induced on the thermal flux, it was decided to not use screen-absorbers that could pre-
vent thermal neutrons from reaching the chamber.

For MTRs, analytical simulations identified 2**Pu as the best choice to measure the fast component of a

high neutron flux. Its sensitivity to fast neutrons is excellent at the beginning of irradiation and slowly
decreases with fluence.
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Figure 3-3. Schematic view of the FNDS prototype.

Generally, the signal given by a fission chamber at high counting rates is the sum of a mean constant
current, /,. and a fluctuation around this value. Classically, fission chambers are used in “current mode”
under high neutron flux where it is not possible to count individually each event in the detector. However,
the FNDS system uses the variance of the signal. This parameter characterizes the random variations of the
signal around its mean value and is proportional to the incident neutron flux. This method is called Camp-
belling mode or Mean Square Voltage (MSV) mode. The advantage of the Campbelling mode is that the
gamma contribution to the signal is significantly less than in current mode because it plays a part as the
square of the charges, which are notably lower for events generated by gammas than for those induced by
fission reactions. Thus, this mode is very useful for a high rejection of the gamma component. Tests per-
formed in the BR2 in 2005 and 2006 demonstrated the viability of the Campbelling mode for measuring
the fast neutron flux; the gamma contribution to the signal of a **Pu fission chamber was reduced from
50% in current mode to 0.6% in Campbelling mode.?® The developed FNDS system has been qualified
in-pile in the BR2 in 2009, and it is now operational at CEA and SCK+*CEN.

Prototypes of fission chambers with 2**Pu deposit have been manufactured by CEA in Cadarache and
tested in 2005 and 2006 in the BR2 of SCK*CEN. As part of an on-going ATR NSUF effort, the use of
these fission chambers for ATR applications is being investigated. Initial evaluations began in the ATRC
in October 2010 (see Section 5).

CEA continues to perform research to evaluate and improve the performance of these fission cham-
bers. For example, CEA performed!’ the CARMEN-1 experiments which contain two cell probes for char-
acterizing conditions in OSIRIS. As shown in Figure 3-4, one cell contains multiple neutron detectors (fast
and thermal fission chambers with SPNDs, and the other cell contains multiple self-powered gamma detec-
tor (see Section 3.1.2), a gamma thermometer, and a calorimeter. Comparisons of data to analysis results
indicate that these cells can successfully be used to characterize OSIRIS conditions.

A follow-on device, CARMIEN-2, is being designed for use in the JHR. 1210 addition, CEA performed
evaluations?” to assess the impact of fill gas mixture and pressure on fission chamber performance.
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Figure 3-4. Neutron and photon measurement cells in CARMEN-1experiment.

Recently, CEA and SCK*CEN are involved in studies to reduce uncertainties in fission chamber mea-
surements by characterization in various research reactors and by comparing neutron field measurements
with those predicted by calculational methods. Results from measurements and calculations for the BR1,
the CALIBAN, Jozef Stefan Institute (JSI) Training, Research, Isotopes, General Atomic (TRIGA) Mark
I reactor facilities have been found to be within 4% or less.$: 2°

3.1.2. Self-Powered Gamma Detectors

Nuclear heating measurements in MTRs are commonly based on calorimeter or gamma thermometer
technologies. SCK*CEN and CEA have jointly-developed a Self-Powered Gamma Detector (SPGD) for
monitoring the gamma field.3° In order to minimize the neutron response while maximizing the gamma
response, bismuth was selected as the emitter material. Based on detailed Monte Carlo Neutron Particle
(MCNP) modeling to calculate the gamma/neutron sensitivities and irradiation experiments in pure and
mixed gamma spectra (OSIRIS and BR2), a tubular geometry design was selected as the most appropriate
for in-core gamma detection because this design allows a larger sensitivity with better response character-
istics. These SPGDs, which are produced by THERMOCOAX (see Figure 3-5), are able to measure small
power changes (until less than 1%) with a relative accuracy of about 0.2%, which is much better than pos-
sible with gamma thermometers. In summary, the bismuth SPGD is a promising small size in-core
gamma-selective detector that does not suffer from burn-up effects.'* Furthermore, this SPGD is easily
implemented inside lower temperature experiments (that are well below the bismuth melting temperature
of 271 °C).

3.1.3. Mo/Nb Thermocouples

In 2003, CEA initiated a research program in collaboration with the THERMOCOAX Company, to
develop high-temperature in-pile thermocouples.3! This CEA/THERMOCOAX effort initially investi-
gated thermoelements containing molybdenum and niobium because the low neutron absorption cross sec-
tions of these elements make them less susceptible to transmutation-induced drift during irradiation.
Materials interactions tests conducted by CEA/THERMOCOAX in high temperature furnaces, in the range
from 1000 to 1600 °C, indicated that materials less susceptible to interactions with Mo and Nb thermoele-
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Figure 3-5. Tubular bismuth SPGD developed by SCK*CEN and CEA.

ment wires were HfO, insulation and Nb or Ta sheaths. Investigations to quantify the thermoelectric
response of a loose-assembly Mo-Nb thermocouple found that its emf in its intended temperature range
(1000 to 1600 °C) is of the same order as commercially-available high-temperature Type C or S thermo-
couples.

Thermal stabilization of these thermocouples was also investigated. Candidate heat treatments to stabi-
lize grain growth to minimize drift during high temperature use were evaluated using long-duration
high-temperature out-of-pile tests. Reference 19 reports that these thermocouples were drifting at a rate
somewhat lower than 0.02 °C/h at 1100 °C. After 5000 hours, this would result in 100 °C or 10% drift,
which is higher than observed in the INL long duration evaluations at 1200 °C of their doped Mo/Nb alloy
High Temperature Irradiation Resistant ThermoCouple (HTIR-TCs) discussed in Section 5.

References 31 and 32 reported plans for an in-pile high-temperature qualification irradiation of these
thermocouples in the OSIRIS reactor. Some reports>* suggested that there were plans to irradiate these
thermocouples in the High Flux Reactor (HFR) as part of CEA’s gas reactor research program and that
more recent efforts are exploring the use of doped Mo/Nb-alloy thermoelement materials.>* However,

recent references'® 14 2415 jndicate that no in-pile qualification of these thermocouples has been per-
formed.

3.1.4. In-Pile Noise Thermometry

The thermal motions of the atoms and charge carriers within an electrical resistor generate a
broad-band electrical noise signal across the resistor. The noise power generated, called Johnson noise, is
proportional to the absolute temperature of the resistor. Noise thermometers provide a signal proportional
to the thermodynamic temperature that is independent of the probe material properties and hence of the
environmental conditions that may affect them. In particular, the signal of a noise thermometer should not
be affected by nuclear irradiations.3>-3¢ Although experience indicates that signal processing for this sen-
sor is complicated and more expensive than required for thermocouples,®” this sensor does not require cal-
ibration. Hence, CEA is exploring noise thermometry as a method for calibrating and recalibrating
thermocouples in-pile.

Figure 3-6 shows a “hardened” mixed thermocouple noise thermometry (TC-NT) probe developed by
CEA.'® Out-of-pile tests and characterization of the probe (at temperatures up to ~400 °C) and its data
acquisition and processing system provided by the Forschungszentrum Jiilich (Germany) have been com-
pleted. Recent reports do not indicate when irradiation qualification of this probe will occur.
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Figure 3-6. Photo and schematic of TC-NT probe developed by CEA.!3

3.1.5. In-Situ Calibration of Thermocouples

CEA is also participating in a Joint Research Center (JRC) project effort to use fixed point pi-cells for
in-situ calibration of thermocouples. As reported in Reference 15, copper and three high temperature metal
carbon eutectics with melting temperatures ranging from 1084 to 1492 °C are proposed for use. These
p-cells, which are approximately 1 cm diameter by 1.5 cm long (see Figure 3-7), would be incorporated
into irradiation test rigs. High temperature tests have demonstrated the viability of this technique, but refer-
ences did not indicate when in-pile demonstrations were planned.

Figure 3-7. Proposed self- calibrating thermocouple design containing a Type C thermocouple with Mo
sheath and HfO, insulation immersed in a Co-C fixed-point p-cell.

As proposed in Reference 39, this on-line calibration technique requires some assumptions. The theo-
retical value of the melting temperature can be affected by the irradiation process. Pure metals and alloys
must be carefully enclosed to avoid contact with the corrosive atmosphere and preferentially have low acti-
vation characteristics to make them useful for long term irradiation. The mini-cells will need to be located
in areas with a homogeneous temperature, neutron flux and gamma radiation field.
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3.1.6. Improved LVDTs and DGs

CEA and the IFE/HRP have collaborated on an effort to improve the performance of LVDTs. Since
2005, LVDTs fabricated by IFE-HRP have been used in the OSIRIS reactor with accuracies of +4 pm and
displacements up to +£15 mm (total range) and + 6 mm (linear range). During 2007, CEA performed a
series of out-of-pile tests to characterize and try to improve the performance of these LVDTs and diameter
gauges (DGs) based on LVDT sensors. CEA investigations were focussed upon:

*  Quantifying usable LVDT temperature range
*  Quantifying maximum LVDT measurement range
* Developing the most appropriate LVDT signal correlation versus measurement ranges

* Developing post-test appropriate LVDT adjustments (Gain — Phase)

Tests were conducted at room temperature and at higher temperatures (up to 380 °C) in inert gas, water,
and sodium potassium conditions

As part of this effort, CEA proposed several improvements to LVDT designs currently manufactured
by IFE/HRP. First, to extend their measurement range, CEA requested that a polynomial equation be used
to characterize the signal of LVDTs procured from IFE/HRP. Second, CEA requested that IFE/HRP
develop a “fifth wire” or “self compensating electronics setup.” Figure 3-8 illustrates the wiring used for
such a setup (compared to the standard 4-wire setup that only uses the wires labeled 1, 2, 3, and 4). In this
configuration, wire 3 and 4 are Type K “B” thermocouple wires and Wire 5 is a Type K “A” thermocouple
wire. In a 4-wire configuration, only the voltage difference between the two secondary coils is measured.
Hence, the voltage output is proportional to the core displacement, or

Displacement = G- (Vg — V) (9-1)

where G is the gain. and V; and V. represent the voltage of coils 1 and 2, respectively. In the 5-wire
setup, the additional wire is connected as a zero reference between the two secondary coils. Hence, the
ratio between the two secondary coils is used to estimate the displacement, using

( VCI _ VCZ) (9_2)

Displacement = G-
(Ver+ Vea)

Theoretically, the influence of global changes in the system will have negligible effect on the system
because the resulting signal is a ratio. For example, this setup offers several potential improvements:

* improved linearity

* suppression of temperature sensitivity

* suppression of signal aberrations in its central area

* suppression of nickel Curie temperature effects (although experimental confirmation required)

* suppression of signal shift due to irradiation (although experimental confirmation required)

In particular, the ratio of signals from the secondary are used to quantify elongation rather than the com-
bined secondary signal. As long as the LVDT is at a uniform temperature, the signal should be more accu-
rate (because it is no longer susceptible to Curie temperature effects). However, experience indicates that
the LVDT is not often at a uniform temperature.
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Figure 3-8. Wiring schematic for LVDTs using the five-wire method.

References 15 and 40 report that an in-pile application of the improved LVDT and associated diameter
gauges (which relies on LVDT-based technology as discussed in Section 3.3.5) will be evaluated using the
Mechanical Loading Device for Irradiation Experiments (MELODIE) test rig. This test rig, which was
developed in collaboration with VTT (Finland) and IFE/HRP, is currently undergoing laboratory testing.
Trradiations in the OSIRIS reactor are also planned to occur in 2014. Ultimately, this test rig will be

deployed in the new JHR.

As shown in Figure 3-9, the MELODIE test is designed to provide real-time elongation and diameter
change data from an in-core irradiation of a pre-oxidized PWR fuel cladding tube (90 mm in length) at
350 °C irradiated at peak fast neutron fluxes as high as 4.5x10'# n/cm?-s (E >0.1 MeV) and nuclear heating

up to 9.5 W/g.

Traction bellows

Compression bellows

Zy-4 90 mm
adding tube

Long-stroke LVDT-80
DG mover monitor

/ DG mover bellow

LVDT-5 P

’ Diameter gauge

Push-pull bellows/

90 mm clad
tube sample

DG feelers

Diameter gauge

Figure 3-9. MELODIE test rig with individual components.
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The MELODIE sample holder is a miniaturized biaxial testing machine. Its length of 1.60 m and diam-
eter of 23.5 mm allows it to be deployed in a CHOUCA hosting device, a sodium-potassium filled dou-
ble-walled container that is a standard testing device for in-core irradiations of materials in the OSIRIS
reactor. Full-control of stress and biaxiality is performed in the MEL.ODIE sample holder, by three inde-
pendent high pressure helium circuits.

Figure 3-10 shows a schematic of the MELODIE closed helium loop and pressure control circuitry.
The objective of the MELODIE closed helium loop is to feed four digitally controlled circuits used to pres-
surize the specimen, the push-pull bellows, and (at lower pressure) the DG actuator. The 160 bar design
pressure of the specimen pressurization system translates to about 117 MPa hoop stress and 55 MPa axial
stress for a sample that is the size of standard PWR fuel cladding. The push-pull pressurization systems
apply positive or negative axial stress sample.
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Figure 3-10. Schematic diagram of the MELODIE closed helium loop and pressure control circuitry

Two measurement systems, tailored by the IFE/HRP to MELODIE flux and dimensional require-
ments, are used in order to obtain the biaxial strain information:

*  The elongation of the 90 mm-long clad specimen is measured with an enhanced self-compensating
LVDT, that has been slightly modified for operation under OSIRIS high nuclear heating condi-
tions. Laboratory tests in CEA Cadarache showed a 26 repeatability of 3 pm for this device.

*  The diameter of the specimen is acquired along the lower half of the specimen by an electromag-

netic Diameter Gauge, modified in collaboration with IFE/HRP to be compatible with the small
(24-mm) diameter and higher accuracy measurement requirements for MELODIE.

To avoid unwanted thermal interaction between the feelers (2 reference feelers and one movable) and the

specimen, the system is parked at the bottom end of the specimen, where a self-calibrating zone, which is
read at the beginning of each scan, allows the system to discard unavoidable drifts due to thermal effects
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(expansion or deformation) or ageing.

Both experiments showed that pressure of the feelers has to be carefully chosen to ensure good contact
without wearing the surface of the zircaloy. The following measures were taken to improve accuracy of
this system:

* Specimen surface is reinforced by a 0.9 pm oxide layer, obtained by heating at 400 °C for 1 week
* Feeler “pressure” was reduced to ~0.2 N,
» Feeler pressure is created by counterweights, making it more stable than if created by springs

In case of a creep experiment like MELLODIE, the uncertainties and drifts associated with spring-loaded
systems compared to counterweights were amplified by the fact that the measured diameter increases with
time significantly, compared to the resting position. Thus, the pressure on the feelers at the end of the
experiment could be about twice the initial value, regardless of other reasons of drift.

Several types of laboratory evaluations were completed to evaluate this system. Endurance tests (of at
least 1000 scan sequences) to assess accuracy and the reduction in diameter of the specimen associated
with wear from the feelers. Results indicate that over 1000 tests are possible but after 1100 scans, the spec-
imen diameter had been reduced by 14 pm. Accuracy and repeatability tests were also completed. Results
indicate that diameter gauge signals were accurate to within + 2um. As noted in Reference 40, MELODIE
test rig performance evaluations are nearly completed. Safety reviews for insertion into the OSIRIS reactor
are underway, and it is planned to conduct irradiation testing in 2014.

3.1.7. Fission Gas Release

In-situ measurement of the composition and amount of fission gas release is particularly important in
fuel rod irradiations because fission gas release kinetics is an important indicator of nuclear reactions and
its measurement is key in fuel performance studies. To address this need, CEA is investigating “coun-
ter-pressure” and acoustical measurement techniques.*’

Figure 3-11 shows the counter-pressure sensor used by CEA to detect the pressure associated with fis-
sion gas release from a fuel rod during irradiation. It consists of two gas cavities separated by metallic bel-
lows, as shown in Figure 3-11.1%4142 The first cavity communicates with the internal fuel rod pressure.
The second cavity is connected to an external helium circuit, which is called the “counter-pressure” circuit.
The imbalance between the internal rod pressure and the counter-pressure is detected by two electric con-
tacts, activated by the motion of the bellows. This sensor has been qualified in OSIRIS irradiations. Results
indicate that this sensor, which is now operational in OSIRIS, has an accuracy of +0.32 bar over its pres-
sure range (up to 120 bars). Efforts are underway to design and manufacture an enhanced counter-pressure
sensor for high-pressure measurements (up to 250 bar).

A dedicated acoustic sensor containing a piezoelectric PZT (Lead Zirconate Titanate) transducer has
been developed to measure online fission gas release pressure and composition in a fuel rod during irradia-
tion experiments. Figure 3-12(a) illustrates some of the details related to the design of this acoustic fission
gas release sensor.2%*3-30 This assembly is composed of a small cylindrical cavity containing the gas to be
analyzed. The upper part of the cavity is closed by a thin stainless steel plate. The piezoelectric transducer
is fixed on this plate, in order to generate and measure acoustic waves, through the plate, in the gas cavity.
Wires are directly welded on the piezo-ceramics electrodes. Acoustic waves propagate in the gas inside the
cavity (diameter 10 mm and length 12.5 mm) which is connected to the fuel rod plenum. The measurement
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Figure 3-11. CEA counter-pressure sensor for detecting fission gas release amount.

of the reflected waves allows assessment of the acoustic impedance of this system [see Figure 3-12(b)].
The signal and its echoes are recorded, and the time of flight of the signal and its attenuation are measured.
From these measurements, it is possible to deduce simultaneously the molar mass of the gas (from the
acoustic waves velocity) and the pressure of the gas (from the echoes attenuation). The online assessment
of these two parameters is then used to obtain information regarding the fraction of fission gases released

in the fuel rod.
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Figure 3-12. CEA fission gas pressure and composition detection (a) sensor and (b) system operation.

After laboratory testing of acoustic sensor prototypes was completed, its performance was evaluated at
OSIRIS on a pre-irradiated high burnup mixed oxide PWR fuel rod in the 2010 REMORA-3 irradiation
experiment. As shown in Figure 3-13, instrumentation installed on this fuel rod included the acoustic gas
sensor, a type C thermocouple, and an acoustic gas sensor. Results indicate that the PZT experienced deg-
radation due to high fluences to which it was exposed [total gamma dose of 0.25 MGy, and thermal flu-
ences of 3.5 xlO”nfcmz). However, CEA used a differential signal processing method to extract gas
composition data (see Figure 3-14). Reference 48 indicates that post-irradiation evaluations would be com-
pleted to compare data obtained during the irradiation with gas compositions present in at the end of the
irradiation using mass spectrometry. However, results from such evaluations were not found in the litera-
ture reviewed.
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Figure 3-13. Instrumentation installed on fuel rod and neutron radiography of the thermocouple and coun-
ter balance pressure sensor for the REMORA 3 irradiation.
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Figure 3-14. REMORA-3 data included fuel centerline temperature, internal pressure, fission gas and
helium molar fractions and molar mass histories.

3.1.8. Localized Heating

Nuclear heating inside an MTR has to be known in order to predict the sample temperatures reached
during an irradiation experiment and also for safety reasons, to demonstrate that components will not
exceed material thermal limits. CEA has also pursued calorimetric techniques for local power measure-
ments.>!1- 33 Accurate measurement of this parameter is important in the OSIRIS reactor, where nuclear
heating is approximately 13 W/g. However, it will be more important to quantify this parameter in the JHR
MTR, which is anticipated to have a nuclear heating rate of 20 W/g when the reactor is at full power (100
MWt). Calorimeters currently used to measure local power in OSIRIS consist of two pairs of aluminum
cells, fixed onto the same aluminum base. The cells of each pair are similar except that one contains a
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graphite sample and the other a corresponding volume filled with nitrogen (See Figure 3-15). The two
pairs of cells are diametrically opposed on the same aluminum base in order to avoid any gradient effect.
The entire structure is enclosed inside a tube in contact with external water flow for heat removal. The ped-
estal between the upper part of the cell and the base in contact with the external sleeve is a thermal resis-
tance through which the deposited energy inside the cell is transferred. The energy deposit is calculated
using a calibration curve obtained from experiments with different electric energy inputs and measured
temperature differences between empty and full cells located at the same axial position along the core
height. Note that the heating rate unit (W/g) is written as W/g (C) to emphasize the fact that the sample is
graphite. Original devices for OSIRIS in-core measurements consist of five different calorimeters (each
one made of four cells), positioned along the core height leading to five measurement points, from which
the heating profile curve is fitted. Even though these calorimeters are reliable, they have inherent draw-
backs, associated with their static nature.

Calibration by
AV - electric power
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Sample cell Empty cell
Measurement
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Water
L Base ow

Figure 3-15. Calorimeter design currently used in OSIRIS.

To overcome drawbacks associated with the differential method, a new system, CALMOS, has been
developed and tested in OSIRIS. The key point of this new device is to put only two cells (one empty and
one equipped with the graphite sample) coaxially inside a same external sleeve and then to move the probe
using a displacement system. Hence, this new system is able to measure the heating rate data at any level in
the core and determine more accurately the heating profile inside and above the core.

This new CALMOS design includes several new features. Specifically, it:

* allows continuous axial heating rate distribution measurements instead of selected point values,

* extends measurements to locations above the core, where heating levels are sufficiently high that
they must be taken into account to design any new experimental device,

* reduces the irradiation aging of the cells. The probe is exposed to the irradiation field only during
measurement periods. As a consequence, the aging of heater wires is limited, and calibrations can
be performed during the whole calorimeter life for periodic verifications,

» facilitates point measurements because of the small size of the calorimeter (18 mm),

* minimizes radial gradient effect in the probe vicinity (e.g., coaxial configuration and smaller size).

Two identical cells are included in the CALMOS conceptual design shown in Figure 3-16. The upper
cell (the sample cell) contains a graphite specimen, whereas the lower cell (the reference cell) is empty.
Each cell is surrounded by a gas gap (nitrogen) and located on a base surrounded by a stainless steel exter-
nal tube in contact with the reactor coolant flow. A thermocouple (Type K) is embedded on the top of each
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pedestal (hot temperature), whereas a second one is located on the external surface of the aluminum base
(cold temperature). Two heating elements, made of constantan wire embedded in alumina, are inserted
inside the cells, thus allowing the calorimeter's calibration. The calorimeter works in a continuous mode,
i.e., the energy deposit in each cell is flowing through the pedestal and then through the external sleeve.
The temperature difference “AT,,,,,).” is proportional to the energy deposit in the graphite and cell struc-
ture; whereas “AT g ...~ 1S proportional to the deposit in the empty cell structure. Therefore. in a first
approximation, the “AT ;. 1c = AT eference” quantity (AAT) is proportional to the energy deposit inside the
only graphite sample. This new nuclear heating measurement method has been patented by CEA.>

Graphite sample
Heating element

Pedestal I

Aluminum base :
_\ AT sample

Nitrogen

Heating element\
SS external tube—\
I
I

18 mm

Figure 3-16. CALMOS schematic (a) and prototype (b).

The following functional criteria were defined for CALMOS:

* a large sensitivity range is needed to be able to perform measurements above the core down to
0.1 W/g (C) and inside the core up to 13 W/g (C) [As noted previously, the heating rate unit (W/g)
is written as W/g (C) to emphasize the fact that the sample is graphite].

* the cell external diameter is limited to 18 mm in order to be able fo insert and move the calorimet-
ric probe inside an external sleeve representative of OSIRIS standard experimental devices.

* the overall probe length should not exceed 220 mm compared to the core fissile height (630 mm).

*  good linearity of AAT [AT ;1 - AT eference] Versus heating rate in the range of 0.1 to 13 W/g (C)
is required. A maximum of 20% from linearity for 13 W/g (C) was set for the design.

* the highest temperature inside the cell structure should not exceed 500 °C in order to have a signif-
icant margin with respect to the aluminum melting point.

Key geometric parameters of both cells are the height and diameter of the aluminum base, height and
diameter of the pedestal, and height and diameter of the upper part of the cell determining the sample vol-
ume. During the design effort, a trade-off had to be found between thermal optimization and technological
constraints. Main structural evolutions during the design phase led to the addition of polished stainless
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steel screens to limit radiative losses. Furthermore, a highly conductive aluminum alloy (230 W/m-°C) was
selected to decrease the peak temperatures of the sensor. As discussed in Reference 53, the calorimeter
must be calibrated prior to deployment. A ‘calibration coefficient’, K, is defined to consider phenomena,
such as the remaining radiation heat transfer losses and the temperature dependence of thermal conductiv-
ity of the filler gas and the aluminum in the calorimeter cell.

A CALMOS prototype with the displacement system required to move it within the OSIRIS reactor is
also shown in Figure 3-17.15 Additional details about this displacement system are discussed in
Reference 53. CALMOS is now operational in OSIRIS and will be adapted for commissioning tests and
operation (the CARMEN device discussed in Section 3.1.1) in the JHR.

Maotion system

o
>

o

Figure 3-17. CALMOS device deployed in OSIRIS.

3.2. SCK-CEN

In support of their BR1 and BR2 reactors in Belgium and to facilitate irradiations at other nuclear reac-
tors, SCK*CEN continues to perform research in the areas of in-pile instrumentation development, evalua-
tion, and fabrication.”* Selected projects currently investigated by SCK*CEN are summarized in this
section. As noted in Section 3.1, many SCK*CEN instrumentation development efforts are collaborations
with CEA and some SCK*CEN efforts may be found in Section 3.1. In particular, it should be noted that
SCK-*CEN has played a key role in the development and deployment of the fission chambers described in
Section 3.1.1 and the development of the SPGD with a bismuth emitter described in Section 3.1.2. In addi-
tion, the high neutron fluxes in the BR2 also encourages other international collaborations. For example,
Section 3.2.2 describes a collaboration with Technical Research Center of Finland (VTT) that allows
in-pile tensile testing with sensors to detect the load applied to the specimen and the elongation of the spec-
imen.56
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3.2.1. Fiber Optic Testing

MTRs could benefit from advantages offered by fiber-optic communication and sensing systems.
However, the deployment of such systems in nuclear environments has been limited up to now, mainly due
to reliability constraints. Prior investigations> - have shown that the lifetime of fiber-optic components
depends on the fiber composition, the temperature, the total dose, and the operating wavelength. Radiation
(gamma and neutron exposure) affects the optical transmission of silica by creating various point defects of
different nature that absorb light at specific wavelengths.>°-6° This Radiation-Induced Absorption (RIA) is
particularly strong in the ultraviolet (UV) spectrum, which limits the fiber applicability to a very low dose
(typically less than 10 -100 Gy) over short fiber lengths. Compared to the UV spectrum, fiber-optic trans-
mission in the visible spectrum is less critical, but transmission can still remain a concern (especially for
long fiber paths) due to the formation of an absorption band at 600 nm.

Optical absorption (< 0.5 dB/m at 630 nm) has been demonstrated in aluminum-coated fibers irradi-
ated with y-rays up to 6 MGy®® and <5 dB/m under fission reactor irradiation up to ~20 MGy and neutron
fluence (E, > 0.1 MeV) of 5 x 1017 n/cm?.61:5% At the higher dose regimes encountered in MTRs, optical
fiber use is possible for wavelengths above 800 nm. Previous in-core reactor experiments carried out in
MTRs in Europe and Japan demonstrated that RIA can remain limited to a few dB/m in the 800 to 1100 nm

range even after intense irradiation up to the GGy level and 10'° n/cm? 93:64.63

Such RIA in the near infrared spectral region opens perspectives for the development of new types of
in-core reactor instrumentation based on optical fiber sensor (OFS) Tecln1010gy.66'69 OFSs offer attractive
and unique sensing capabilities that are of particular benefit for MTR measurements. The major advan-
tages are the capability for passive remote sensing with the potential for high accuracy and operation at
high-temperature (500-1000 °C). In addition, OFSs feature capabilities for distributed sensing with
extremely limited intrusiveness. Low intrusivity is especially important, not only because of limited space

availability but also because small sensors will not disturb the temperature and radiation profile of the
material under study.

As part of a collaboration between CEA and SCK*CEN, a program is underway to develop OFS sen-
sors for measuring dimensional changes on nuclear materials irradiated in MTRs.®”-%® As part of this
effort, the COSI experiment was completed in which the single mode (SM) and multimode (MM) optical
fibers listed in Table 3-2 were irradiated during 2006 in the OSIRIS reactor for 92 days (corresponding to a
thermal fluence of 10%! nthx’cm2 and a fast fluence of 10%° nfastfcm?‘, and a calculated gamma dose rate of
7.2 x 10° Gy/hr, with an integrated ionizing dose of 16 GGy). This duration, which corresponds to repre-
sentative conditions during a typical materials irradiation program, is over an order of magnitude increase
than other tests reported in the literature.
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Table 3-2. Single mode and multimode optical fibers tested in OSIRIS COSI test.

Manufacturer Designator

Fibers Manufacturer (SM or MM) Core/Cladding Diameter Coating
FORC1 Fiber Optic -/SM ~10 pm/150 pm acrylate
FORC2 Research Center
FORC3 (Moscow)

B11 Blaze Photonics HC 1060-02/SM 9.7 um (hole)/125 pm acrylate
B13 (Cristal Fiber)
STU1 Polymicro FIP100.110.125 STU/MM <100 pm /110pm polyimide
STU1
FIL1 Polymicro FIP100.110.150 /MM ~100 pm /150pm aluminum
FIL2
FVL1 Polymicro FIP100.110.150 /MM ~100 pm /150pm aluminum
FVL2

As shown in Figure 3-18, the fibers were mounted onto an aluminum plate and placed in a 2 mm inter-
nal diameter stainless steel tube. The fibers made a loop with a bend radius of either 23 or 32 mm. The flu-
ence was measured using an SPND. Although placed in the periphery of the core, the central part of these
40 m fibers was close to the reactor core. Results from this test indicate that there are SM and MM optical
fibers with acceptable losses for testing in MTRs. As shown by results in Figure 3-19, the most favorable
spectral region (with reduced RIA) lies in the 800-1200 nm range. With measured radiation-induced losses
below 10 dB, the COSI experiment confirmed that there are multimode and single-mode fibers of accept-
able behavior to develop OFSs to work in the harsh nuclear environments found in MTRs.

Aluminum plate

[ | Copillaries
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Figure 3-18. COSI test rig setup.

To address concerns about degradation of fiber optic mechanical properties, SCK*CEN also tested
four standard telecom acrylate-coated Ge-doped single-mode fibers from three different manufacturers and
one acrylate-coated Ge-doped multi-mode fiber. Fiber samples of 50 m were loosely coiled with a diame-
ter of 60 mm and exposed to a dose rate of 27 kGy/h up to a total dose of 15 MGy at an ambient tempera-
ture of approximately 55 °C. Several mechanical tests were performed before and after irradiation,
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Figure 3-19. Representative results from COSI- Change in loss for the STU?2 fiber (22 days corresponds to
3 x 10*° ny /cm? and 3 x10'° g, /em?).

including a two-point bend test. These destructive two-point bend tests allow quantification of the fibers'
strength (50% failure stress) and the dynamic fatigue factor. Weibull analysis revealed a strength reduction
of about 50% at these MGy dose levels. Scanning Electronic Microscope (SEM) images of fiber samples,
which had their coatings removed after irradiation, suggest that ‘roughening of the outer glass surface’
may cause this degradation. These results indicate that the long-term mechanical strength of optical fibers
could be seriously affected when exposed to MGy dose levels.

Figure 3-20 shows a fiber-optic based sensor jointly developed by CEA and SCK+CEN for detecting
elongation of material samples during irradiation. This sensor is based on an extrinsic Fabry-Perot (FP)
interferometer using a radiation-resistant pure silica core fiber; a cavity is positioned at the end of the fiber
and sets an optical path difference (OPD) that can be modulated by the external actions such as sensor
elongation. This OPD gives rise to a characteristic optical interference pattern from which the cavity length
can be reftrieved by signal demodulation. The signal of this miniaturized sensor (outer diameter is about
250 pm) gives the absolute length of the cavity, which is mechanically linked to the sample elongation.
This small diameter (less than 2mm) sensor takes advantage of the advantages associated with optic fiber
sensors such as high resolution, easy remote sensing and multiplexing, and compact size which is of partic-
ular interest for in pile experiments. In addition, the small weight of this sensor reduces thermal effects
associated with gamma heating effects. Laboratory tests have demonstrated a good accuracy, less than 1%
error over a displacement of 100 pm at room temperature.

Prior to irradiation testing, improvements were made to minimize the consequence of radia-
tion-induced silica compaction and to refine the fixing technique.’”-7-°® Irradiation testing of this sensor
was performed in the SMIRNOF-7 experiment in the BR2 during 2012.1 During this test, temperatures
remained below 150 °C. The integrated fast neutron fluence of 2.5 x10'? ng,,/cm?. Results indicate drifts
that are a factor of 10 smaller than with commercially-available FP sensors.

Current CEA and SCK*CEN efforts in this area’3-%® are focussed on improving the robustness of this
FP elongation sensor and on developing and evaluating a prototype of a Michelson type displacement sen-
sor. Recent accomplishments include:
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Figure 3-20. Optical fiber based elongation detection sensor developed by CEA and SCK+*CEN.

* An enhanced FP design was modified to allow its use at higher temperatures by employing
enhanced sealing techniques with a higher temperature optical fiber with an aluminum coating. In
addition, the metallic capillary shown in Figure 3-20 was incorporated into the sensor design, and
a 1.8 mm diameter sensor (rather than the 0.25 mm diameter used in prior tests) was used to
improve robustness. The test rig (see Figure 3-21) featuring this enhanced fiber optics based elon-
gation sensor was subjected to temperatures up to 400 °C in the SMIRNOF-8 test, which was initi-
ated in August 2012 at the BR2.

Figure 3-21. SMIRNOF-8 test rig incorporating fiber optics based elongation sensors.

The six sensors were located in the mid-plane of the reactor core. At that point, for the nominal
59 MWt power, the thermal flux (E<0.5eV) was 1.66-10'* n/cm?®.s and fast flux (E>0.1 MeV)
1.99-10'3 n/em? s. The y dose rate was about 7.2 MGy/h. The total irradiation lasted 27 days, lead-
ing to an integrated fluence of about 4.6 10° nfast/cm2 and 4.5 GGy. A major part of the irradia-
tion was performed at the temperature of 200 °C. At the end of the reactor cycle the temperature
was increased up to 395°C for a short period. Results indicate that the sensor survivability was
improved. Three of the six sensors exhibited drifts of less than 4 pm for the ~200 pm cavity at the
end of the first cycle. However, the drift of Sensor 4 increased more than 50 pm during irradiation
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at lower temperatures (see Figure 3-22). Hence, additional work is needed to improve sensor
robustness.
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Figure 3-22. Cavity length L _ of Sensor 4 during SMIRNOF-8 irradiation. Drift increased more than
50 pm during the lower temperature portion of this irradiation.

* The potential of a Michelson type interferometer (see Figure 3-23) was evaluated. This probe,
which can be used to measure displacements in a direction perpendicular to the fiber, is of interest
in smaller regions where the fiber cannot make a 90° turn. It is more flexible, allowing measure-
ment of larger displacements. A mechanical probe design was developed, and the optical module
that will be inserted into the mechanical probe was evaluated in laboratory tests up to 400°C. In
this initial design, the fiber and signal conditioner are the same as the ones used with the FP exten-
someter. Results indicate that the probe can measure displacements with an error less than 10 pm
over a 0.5 mm range. Future evaluations will evaluate the performance of an optical module inte-
grated into the mechanical probe. These tests will consider the impact of temperature, vibrations,
and irradiation.

3.2.2. In-Pile Tensile Testing

As part of a European Fusion Development Agreement (EFDA), the BR2 has been used to demon-
strate the performance of an in-pile tensile test module developed by VTT. As discussed in Reference 56, it
is recognized that it is unlikely that the primary damage experienced by a specimen will be affected by the
applied stress during irradiation. However, it is believed that the subsequent process of dislocation forma-
tion, that is responsible for radiation hardening, yield drop, and plastic flow localization, will be substan-
tially altered by the applied stress. It is speculated that the fatigue lifetime during in-situ cyclic loading
experiments may be significantly different from the ones obtained during fatigue experiments on speci-
mens in the post-irradiated condition. Hence, an in-situ material testing system was developed by VIT and
used to perform fracture mechanic, corrosion fatigue, tensile, and electrochemical measurements in the
BR2.

As shown in Figure 3-24, this test system is based on the use of a pneumatic loading unit, which loads
a test specimen using gas to pressurize metallic bellows, and a LVDT from IFE/HRP (see Section 3.3.1) to
measure the resulting displacement produced in the tensile specimen. The outside diameter of the module
is 25 mm, and the total length of the module with the LVDT is 150 mm. Figure 3-25 shows the actual test
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Figure 3-23. Sensor based on a Michelson interferometer for measuring fuel rod swelling.

rig with this module developed by Mol for irradiations in the BR2. During irradiation, the test assembly
remained submerged in stagnant demineralized water. For approximately 300 hours, the specimens were
exposed to a neutron flux of 3 x 105 n/em?s (E > 1 MeV) corresponding to a displacement damage rate of
~6 x 1078 dpa/s. The temperature of the test module increased rapidly (up to 90 °C within 15 minutes) due
to gamma heating power of 4.4 W/g. Then, the desired strain was applied to the specimen.

The load generated by the pneumatic loading unit with the metallic bellows was calculated from the
pressure difference experienced by the bellows. The stiffness and effective cross section of the bellows
impacts the load produced by the specimen. However, the “stiffness’ of the pneumatic loading unit differs
from the stiffness of the bellows. Hence, VTT developed a calibration unit (see Figure 3-26) to correlate
the applied gas pressure in the bellows with the actual load acting on the tensile specimen. A two step cali-
bration procedure was implemented. In the first step, the characteristic stiffness of the bellows together
with friction forces of the moving parts of the module were determined. In the second step, the load
induced on the tensile specimen by the applied gas was measured by a load cell. Insights from this effort
were incorporated into the MELODIE test rig described in Section 3.1.6.

3.3. IFE/HRP

The OECD-sponsored Halden Reactor Project (HRP), which is operated by the Norwegian Institutt for
Energiteknikk (Institute for Energy Technology) [IFE], has more than thirty years of experience in per-
forming complicated in-core measurements and experiments in the HBWR using specially-developed sen-
SOTS.

As listed in Table 3-1, a wide range of in-core instrumentation has been developed, fabricated, and
deployed by the IFE/HRP for measuring key fuel and material performance parameters such as fuel tem-
perature, fuel swelling/densification, fission gas release, cladding creep, corrosion/crud buildup, and
crack-growth rates.”%-%# Instruments are also available for monitoring the irradiation environment (e.g..
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Figure 3-24. Schematic of tensile test module: (1) gas line, (2) pneumatic loading unit, (3) firm specimen
fixing point, (4) specimen, (5) movable specimen fixing point, (6) LVDT plunger and (7) LVDT holder.

SPNDs and miniaturized gamma thermometers) and thermal-hydraulic and water chemistry conditions
(e.g. flow meters, Electrochemical Corrosion Potential (ECP)-electrodes and conductivity cells).
HRP-developed sensors can be attached to non-irradiated fuel rods and material samples or to pre-irradi-
ated fuel rods and material samples by using remote operated manipulators and specially-designed
re-instrumentation equipment. Ongoing IFE/HRP instrumentation development focuses on high tempera-
ture conditions and on new methods for detection of cracking, corrosion, creep, and crud buildup of mate-
rials and improved methods for studying thermo-mechanical behavior and fission gas release from LWR
fuel during accident conditions and for characterizing the performance of new fuels and cladding materials
proposed for LWRs.3%8! In recent years, data from tests in the HBWR have provided performance data on
significant phenomena that have the potential to affect the performance of US nuclear power plants, such
as fuel thermal conductivity degradation as a function of bm‘nup82 and fuel dispersion and axial relocation
during a Loss of Coolant Accident.®?

The HRP relies heavily on specialized in-core instrumentation and standardized test rigs in order to
perform fuel and material irradiation programs in the HBWR. In recent years, IFE/HRP has become a sup-
plier of in-pile instrumentation for other test reactors (e.g., OSIRIS, BR2, and HANARO). In addition,
IFE/HRP has been involved in developing test rigs for other test reactors (OSIRIS, JHR, and ATR). This
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Figure 3-25. Tensile test rig for BR2 irradiations: (a) simplified layout and operational features including
necessary instrumentation; and (b) final assembly of test module prior to installation in the test rig.

Figure 3-26. High temperature calibration device of the pneumatic loading unit.

section provides additional information about selected IFE/HRP instrumentation development activities. In
addition, descriptions are provided for selected standardized test rigs.

3.3.1. LVDTs

Many IFE/HRP-developed sensors rely upon LVDTs as a base instrument. The principle design of an
LVDT is shown in Figure 3-27. LVDTs are electrical transformers with three coils placed end-to-end
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around a tube (see Figure 3-27a). The center coil is the primary, and the two outer coils are the secondaries.
A cylindrical magnetically-permeable core, attached to the object whose position is to be measured, moves
along the axis of the tube. An alternating current is driven through the primary, causing a voltage to be
induced in each secondary which is proportional to its mutual inductance in the primary. As the core
moves, these mutual inductances change, causing the voltages induced in the secondaries to change. The
coils are connected in reverse series, so that the output voltage is the difference between the two secondary
voltages. When the core is in its central position, equidistant between the two secondaries, equal but oppo-
site voltages are induced in these two coils, so the output voltage is zero (see Figure 3-27b).
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Figure 3-27. Principle design of a LVDT.

In the IFE/HRP LVDTs, the primary coil is activated by a constant current generator (at 400-2500 Hz).
The position of the magnetically-permeable core can be measured with an accuracy of + 1-10 pym (refer-
ences vary on this value). IFE/HRP fabricates LVDTs in many different sizes. A frequently used size is the
“type 5” LVDT, which has a linear range of +2.5 mm (e.g., the type 5 designation refers to the LVDT’s lin-
ear range). This LVDT has a diameter of 11.5 mm and a length of 55 mm. The signal cables are two-wire
mineral-insulated (Al,O3) cables with a 1.0 mm diameter Inconel alloy 600 sheath. Since the IFE/HRP
began making in-core measurements, more than 2200 different types of LVDTSs have been installed in test
rigs in the HBWR and other test reactors around the world. A failure rate of less than 10% after 5 years of
operation is typical for IFE/HRP LVDTs operating in BWR, PWR or CANDU conditions. Hence, operat-
ing experience has shown that these frictionless sensors are robust instruments for detecting dimensional
changes in lower-temperature, irradiation environments. Sections 3.3.2 though 3.3.5 describe some of the
LVDT-based sensors developed and deployed by IFE/HRP.

The IFE/HRP ‘type 5° LVDTs are designed to operate under PWR conditions (350 °C and 150 bars).
The temperature limit is based on the Curie point of nickel. The wire used for the coils of the instruments
consists of a copper conductor with nickel cladding. As the temperature passes through the Curie point of
nickel (356 °C to 358 °C), there is a noticeable change in the output signal and a change in the instrument
sensitivity. However, in collaboration with INL, an LVDT that can operate at temperatures up to 600 °C
has been developed using alternative components and fabrication techniques (see Section 5.3). Currently,
IFE/HRP is investigating additional options to extend LVDT operating temperatures to 900 °C.8! By using
alternate materials, fabrication, and component drying processes, laboratory evaluations suggest that
LVDTs could operate in conditions applicable to gas, supercritical water, sodium, lead, and lead bismuth
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cooled reactor conditions. Higher temperature prototype LVDTs have been installed in irradiation test rigs
and operated successfully at temperatures up to 700 °C for over a year in the HBWR.

Figure 3-28. IFE/HRP LVDT components and completed sensor prior to shipping.

3.3.2. Fuel centerline temperature measurements

For monitoring fuel centerline temperatures, the IFE/HRP uses thermocouples and/or expansion ther-
mometers. Fuel centerline temperature measurements provide important information on the thermal per-
formance of the fuel and if desired, the fuel thermal conductivity. By monitoring the fuel thermal
conductivity over a longer period of time, the fuel thermal conductivity degradation as a function of
burn-up is studied. An example of UO, thermal conductivity data derived from fuel centerline temperature
measurements is illustrated in Figure 3-29. Informal discussions’? indicate that such tests have been done
with specially-designed fuel rods with a small as-fabricated fuel-to-clad gap that minimizes the influence
of gap conductance change (densification/swelling, fission gas release) on the fuel center temperature dur-
ing the irradiation. Smaller diameter fuel rods are often used in such tests to increase the burnup accumula-
tion rate. In addition, in-pile local power measurements are required for such tests.

IFE/HRP fuel centerline thermocouples normally operate for several years in-core without failure, but
the lifetime of “Type C” tungsten-rhenium HBWR thermocouples has been found to decrease with increas-
ing fuel centerline temperatures. If the fuel centerline temperature exceeds 1400 to 1500 °C, the expected
lifetime of the Type C thermocouples, which must be used with an HBWR-specific correction factor to
offset thermocouple decalibration associated with transmutation, is typically less than one year (although
no fluence values were cited, HBWR peak thermal flux is 1 x 1014 nfcmzs). Furthermore, informal discus-
sions with HRP staff indicate that ‘batch-to-batch’ variations have been observed in Type C thermocouples
procured from various vendors.”

The IFE/HRP expansion thermometer (see Figure 3-30) consists of a tungsten rod (a molybdenum rod
may also be used to reduce transmutation concerns) that is inserted through a hole drilled in a fuel stack.
The thermal expansion of the tungsten rod is measured using an LVDT. The fuel centerline temperature is
then derived from the measured expansion of the tungsten rod. The expected lifetime of an expansion ther-
mometer is longer than for a thermocouple, but the resolution of an expansion thermometer is less than a
thermocouple because the expansion thermocouple only provides an estimate of the average temperature
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Figure 3-29. Fuel thermal conductivity derived from fuel centerline temperature measurements.

over the length of the rod. There is also the potential for mechanical interactions between the fuel and the
tungsten rod that can affect expansion thermometer performance.

Plenum spring Tungsten rod LVDT
/ /(dia. 1.5 mm)

I e e e

Test rig structure \ Fuel pellets (annular) Ferritic core

10-GAS50001-77-5
Figure 3-30. Thermal expansion thermometer.

3.3.3. Fuel densification / swelling measurements

The mechanical stability of nuclear fuels is an important performance parameter. For in-pile monitor-
ing fuel stack-length changes, IFE/HRP has developed several instruments based on LVDTs. In order to
measure fuel densification and swelling, the LVDT core is attached to a spring-loaded plate in contact with
a fuel pellet in one end of the fuel stack (see Figure 3-31). The core then follows the expansion and con-
traction of the fuel stack and provides data on the fuel’s mechanical behavior.

3.3.4. Fuel rod pressure measurements

IFE/HRP monitors fuel rod internal pressure to gain insights about fission gas release during irradia-
tion. The pressure transducer consists of a miniaturized bellows mounted in the fuel rod end plug (see Fig-
ure 3-32). A magnetically-permeable core is fixed to the free moving end of the bellows; the other end of
the bellows assembly is fixed to the end plug. The bellows is typically pressurized to 2 bar less than the ini-
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Figure 3-31. Fuel stack elongation detector.

Spring

tial rod pressure and seal welded. Bellows/core movements are sensed by an LVDT. The bellows differen-
tial pressure will, in addition to release of fission gases, be dependent upon fuel densification/swelling
characteristics, changes in gas temperature and fuel/cladding thermal expansion during operation. Densifi-
cation will lower the fuel rod internal pressure, while swelling and gas temperature effects and fuel differ-
ential expansion will increase fuel rod internal pressure.

U

\— Bellows

Fuel stack Ferritic core —/ LVDT—/

10-GA50001-77-12
Figure 3-32. Pressure gauge

The pressure transducers are available for different pressure ranges. The most common ranges have a
Ap (internal versus external pressure of the bellows) of 15 bar (type I), 30 bar (type II), or 70 bar (type III).
The difference between these bellows is related to the stiffness/spring rate. During the initial stages of fis-
sion gas production, it is often necessary to use a bellows with high sensitivity (but a limited pressure
range). For such conditions, the 15 bar bellows is selected. For high burnup tests in which high rod pres-
sure is expected, the 70 bar bellows is used. The higher pressure range is achieved by sacrificing sensitiv-
ity. Under realistic conditions, the uncertainty of the pressure for the 30 bar sensor is +0.2 bar; for the 70
bar sensor, the uncertainty is +0.5 bar.

In order to keep the same precision as a type II transducer, while still being able to reach 70 bars, a new
type of transducer has been designed. Two different bellows, having different levels of stiffness, are con-
nected in series. In this way, the softer bellows is dominant at lower pressure. When reaching the maxi-
mum pressure for the softest bellows of the two, further compression of this bellows is restricted by an
internal mechanical stop. The stiffer bellows then becomes the only contributor to the signal output. Mea-
surement ranges up to 150 bar (15 MPa or 2180 psig) are possible. To reduce material creep at high tem-
perature and radiation intensity, the bellows are pre-pressurized (inside) and conditioned for several days
at high pressure and temperature. In addition, the pressure transducer can be systematically re-calibrated
during reactor outages using procedures developed by IFE/HRP.
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3.3.5. Fuel Rod Diameter Measurements

The IFE/HRP DG enables on-line measurement of cladding diameter for assessing cladding creep, pel-
let-cladding mechanical interaction, fuel creep / relaxation and fuel rod crud deposits. A representative
standardized test rig (shown in Figure 3-33a) provides a method for real-time in-pile measurement of fuel
rod diameter changes, temperature, neutron exposure and loop coolant temperature, flow, and chemistry
(e.g., concentration, pH, etc.). IFE/HRP relies on LVDT-based technology in their DG. However, as
shown in Figure 3-33b, the LVDT design has been modified. First, the two primary coils and the two sec-
ondary coils are wound on a ferritic bobbin, as opposed to the Inconel alloy bobbin of the LVDT. Second,
the DG uses an armature instead of the magnetically permeable core used in the LVDT. As indicated in
Figure 3-33b, changes in distance between each of the secondary coil loops and the armature that may
occur as the diameter travels along the fuel rod changes the balance between the signals generated in the
two secondary loops, leading to a change in the output signal (difference of the two secondary coil signals)
from the DG.

The DG travels along the fuel rod using an in-core hydraulic drive and positioning system. In some
test rigs (see Figure 3-33a), the fuel rod is moved by the hydraulic drive. The accuracy of the DG is +
2 pm, and a calibration is performed in conjunction with each diameter trace by having calibration steps on
both fuel rod end plugs. The standard DG can operate at up to 165 bar and 325 °C. However, modifications
to LVDTs suggested and evaluated by CEA (Section 3.1.6) and INL (Section 5.3.1) in collaboration with
IFE/HRP should allow its operation at higher temperatures and IFE/HRP research is underway to produce
LVDTs capable of operation up to 900 °C.8!
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Figure 3-33. HRP fuel pellet cladding interaction/crud deposition test rig (a) with DG (b).

Figure 3-34 shows results from diameter measurements on a typical PWR fuel rod irradiated in the
HBWR as part of a PWR crud evaluation program. The irradiation is performed in a PWR loop system that
allows variations in water chemistry parameters during irradiation. DG run no. 7275 was performed imme-
diately after startup of the experiment to provide initial fuel rod diameter data. DG run no. 7739 was per-
formed after approximately 230 days at full power and shows cladding creep-down typical for PWR fuel
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rods. Diameter run. no. 7754 was performed after an additional 25 days after changing the water chemistry
in the loop system. The water chemistry change included an increase in the iron and nickel content. The
diameter trace shows that crud deposits formed on the upper part of the fuel rod. The possibility of observ-
ing the formation of crud by monitoring the fuel rod diameter on-line along with changes in neutron flux
and fuel temperature provides the IFE/HRP insights into developing a remedy for crud and related phe-
nomena such as “Axial Offset Anomaly™.”>

9.684 Run no 7275 - reference diameter trace
Date = 14/08/2002 FPD =0.21
9.66
Run 7739
9.64+ Date = 21/04/2004 FPD = 2324 PRIG=174 bar
9.621 Run 7754 current trace
9.64 Date = 19/05/2004 FPD = 258.3 PRIG=174 bar
9.581
9.561

Rod diameter (mm)
©
B

94 100 200 300 400 500 600 700
Axial position (mm)

Figure 3-34. Fuel rod diameter traces showing cladding creep down and crud deposition.

As can be seen from Figure 3-33b, the design of the DG is rather complicated, and sections of nonmag-
netic material have to be welded to sections of magnetic material. Therefore, a new design is under investi-
gation by IFE/HRP in which the outer wall of the DG consists of a single tube of Inconel alloy 600. The
design was optimized using finite element calculations to minimize magnetic flux leakage.

The inner body is now made from one piece, where the coil separators are integral parts of the body. In
order to prevent flux linkage between the (magnetic) coil separators and the ferritic armature (“anchor’),
the part of the separators facing the anchor is shaved off, making a large air gap between coil separators
and the housing (see Figure 3-35). Using an outer body of Inconel increases the distance between the mag-
netic inner parts and the anchor, leading to a loss of sensitivity. To compensate for this, the distance
between the anchor and housing has been slightly reduced. In addition, the inner body will be made out of
silicon iron, which should have a significantly higher magnetic permeability than the AISI 403 currently
used in the standard DG. Other possible benefits of this material are reduced eddy current losses, leading to
reduced temperature sensitivity. Figure 3-35 shows an example of the coiled DG body. Tests show that the
new DG, operated in self-compensating mode, has a linear response over the range +£0.9 mm, which is
much longer than the 0.2-mm range typically required for in-pile applications. The accuracy of the new
type of DG is ~2 pm.

INL/EXT-13-30427 44



Figure 3-35. Simplified DG (a) finite element analysis showing magnetic field patterns; (b) inner body

with coils; and (c) inner body.”®

3.3.6. Crack-growth measurements

In order to monitor crack-growth rates in core structural component materials, the IFE/HRP utilizes
miniaturized Compact Tension (CT) specimens and the “direct current potential drop method” for measur-
ing crack propagation. The direct current potential drop (DCDP) method (see Figure 3-36) is based on
sending an electrical current through the specimen and measuring the potential (voltage) at several loca-
tions on the CT-specimen. The measured potentials depend on the propagation of the crack. Thus, the
crack-length can be determined from the measured potential drops. Reference 78 reports results in which
this approach was successfully applied to detect changes in crack growth rate due to variations in coolant
pH for various metals. IFE/HRP has applied this technology to detect the impact of coolant parameters
(pH, impurities, boron concentration, etc.) on fuel cladding corrosion. In addition, IFE/HRP can perform
such measurements on pre-irradiated fuel components removed from commercial reactors.
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Figure 3-36 shows a CT sample for online crack growth rate measurements and a loading unit for CT
specimens used in the HBWR. The figure shows a CT specimen with a square geometry. Depending on the
availability of materials, the CT specimens can be made entirely from fresh materials, pre-irradiated mate-
rials, or different types of pre-irradiated inserts (square or circular). A dynamic load is applied to the CT
specimens by means of individually calibrated loading units that are equipped with bellows that are pres-
surized with helium gas through an external system. The Direct Current Potential Drop (DCPD) method is
used to measure the crack growth rate (CGR) under defined water chemistry conditions. Data for periods
of stable CGR (typically 100 h) are used to calculate the actual growth rate for a CT at the given tempera-
ture, load, and water chemistry. The DCPD method can typically measure changes of ~10 pm.!®

3.3.7. Electrochemical Corrosion Potential

The ECP is determined by a combination of the surface conditions of the specimen and concentrations
of dissolved oxidants. The ECP is a key measurement for assessing the performance of reactor structural
materials. For in-core measurements, reference electrodes must be capable of withstanding in-core condi-
tions. Although there are commercial ECP sensors on the market, the IFE/HRP has developed its own ECP
reference electrodes for enhanced in-pile robustness.

Different reference electrodes are needed for different environments. A Pt electrode has been devel-
oped for use in reducing conditions. The potential sensing element consists of a Pt cylinder and end plate.
The large surface area of the Pt serves to reduce the effect of any mixed potentials caused by other metal
components. A schematic drawing is shown in Figure 3-37a. A Pd reference electrode is used in oxygen-
ated water. The potential-determining reaction of the Pd hydrogen electrode is similar to that of the Pt
hydrogen electrode. Palladium differs from platinum in that it can hold hydrogen within its lattice; in aque-
ous solutions, hydrogen can be produced by cathodic charging of the Pd. When sufficient hydrogen is pro-
duced, some will diffuse to the surface of the Pd, which can then function as a hydrogen electrode. A
schematic drawing of a Pd electrode is shown in Figure 3-37b.
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Figure 3-37. ECP sensors and conductivity cell (a) Pt ECP sensor, (b) Pd ECP sensor, and (c) conductivity
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A novel conductivity cell, which is a modification of the Pt ECP electrode in which the Pt sensing ele-
ment is surrounded by a second Pt cylinder, has been developed by IFE/HRP that can be installed in-core
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within pressure flasks. This design allows coolant conductivity measurements at operating temperature and
pressure. An additional signal cable is included to provide current, and the conductivity of the coolant is
determined from the measured voltage difference between the two Pt cylinders. A schematic drawing is
shown in 3-37c. In order to characterize the chemical conditions, the IFE/HRP is also developing a minia-
turized Pt electrode and a miniaturized Fe/Fe;O, reference electrode (see Figure 3-38). These electrodes,
which have been tested in an autoclave at 600 °C and supercritical water conditions,®! will soon undergo
in-pile testing.
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Figure 3-38. ECP-based sensors (a) Brazed Pt electrode and (b) brazed Fe/Fe;0, electrode.

3.3.8. Localized Heating

Local power measurements have been made at the HBWR since 1962 using gamma thermometers that
detect heat produced by fission and fission product gamma rays.”® Heat is transferred to the coolant sink
along a closely controlled conduction path while the temperature drop is measured by a differential Type K
thermocouple (see Figure 3-39). The hot junction is situated in the center of the lower end of the inner
body and is insulated from the coolant by a gas-filled region. The cold junction is situated outside the hous-
ing and responds quickly to the conditions in the cooling medium. The generated signal, which is propor-
tional to the fuel power, is strong and constant with fuel burn-up. The current miniaturized gamma
thermometer design has a 3.9 mm outer diameter sheath and a 84 mm length. The inner body has a diame-
ter of 2.1 mm and a length of 50 mm. The thermal insulation of the inner body is achieved by the Xe- or
Ar-filled gap which is pre-pressurized at room temperature (typically 20 - 30 bar). The internal gas pres-
sure has the purpose of reducing unwanted creep of the outer cladding and minimizing the effect of possi-
ble gas contamination. Heat produced by gamma absorption in an inner, thermally insulated, body results
in a local rise in temperature. The temperature increase and the time constant of the gamma thermometer
are used to calculate the actual gamma irradiation. The gamma thermometer can be re-calibrated in-core by
applying a low direct current (DC) voltage to the differential thermocouple. The inner body of the gamma
thermometer is heated by the current applied to the thermocouple for a short period of time. The decay of
temperature is monitored, and a relationship between temperature and decay time is used to recalibrate the
gamma thermometer (see Figure 3-40).

84 mm
OD 3.9 mm Differential TC Xenon fill %gs
30 bar

Cold junction Inner body GT housing Hot junction
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Figure 3-39. Halden miniaturized gamma thermometer.
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Figure 3-40. Signal decay curve used to recalibrate the Halden gamma thermometer.

3.3.9. Flowrate

The turbine flow meter (Figure 3-41) was the first instrument developed at the IFE/HRP. The need for
accurate power calibration of individual fuel assemblies led to the development of in-core turbine
flow-meters. The turbine flow meter consists of two parts: one turbine installed in a housing, and the pick
up coil mounted in the test rig. If the flow meter fails, it is possible to remove the failed unit and install a
new one as there are no cables associated with the turbine unit because the pick-up coil is installed in the
test rig itself. Normally, there are two turbines installed in an IFE/HRP test rig; one to measure the inlet
flow, and one to measure the outlet flow. The in-core turbine flow-meters use an electro-magnetic coil sys-
tem for measuring the speed of the turbine. The rotor blades are magnetic; and each time the rotor blades
pass over the pickup coil, a pulse is induced in this coil. The pulses are sensed by the electronics system
giving online information of the flow in each test rig. Because of the high failure rates of these flowmeters,
IFE/HRP is contemplating design improvements.

Outletturbine flowmeter
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Fuelthemmocouple
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Rotor Pickup Coil
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Figure 3-41. Components and position of turbine flowmeter.
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3.3.10. Oxide Thickness Measurements on Fuel Cladding

Corrosion of fuel cladding under various chemical and power load conditions remains an active field
of research. With the exception of the IFE/HRP DGs, such corrosion studies are nearly always performed
by postirradiation examination. As an alternative to the DG, IFE/HRP is developing a probe for online
in-pile measurements of oxide thickness. The probe is based on the eddy-current principle (see Figure
3-42). It consists of one sensing coil (slightly extruding) and one reference coil (situated completely inside
the housing and shielded by it). The two coils are part of a resistance bridge circuit so that a small differ-
ence in coil impedance can be detected. The reason for situating the reference coil inside the probe (rather
than outside the reactor) is that it allows compensation for resistance changes in the coil and the signal
cables due to temperature variations. The top of the sensing coil has been designed to be sufficiently strong
to withstand the external pressure while at the same time being thin enough to transmit enough of the radio
frequency field to generate the eddy currents in the fuel cladding. Test results performed at room tempera-
ture show a linear response for the 0- to 100-pm region. The test setup is included in Figure 3-42. Calibra-
tions show that the probe has a resolution as low as 1 um. The performance of this probe has also been
verified in an autoclave test (at 350 °C and 165 bar). The probe housing itself is used as the common
ground connection for both coils (and in turn is connected to the cable sheath). It is planned to verify the
probe in an in-pile experiment at the HBWR.

i
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Figure 3-42. Oxide thickness probe: schematic drawing and test setup of probe with zircaloy test tube.”®

3.3.11. Summary

Although the HBWR has a much lower power rating and is considerably older than the ATR, the
instrumentation capabilities developed by IFE/HRP staff have significantly extended its irradiation capa-
bilities. In addition, the IFE/HRP has leveraged this expertise to supply instrumentation and test rigs to
commercial reactors, naval reactors, and other MTRs.
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The IFE/HRP uses specialized in-core instrumentation in order to perform fuel and material irradiation
programs in the HBWR. As discussed in this section, the IFE/HRP also has the ability to attach in-core
instrumentation to pre-irradiated fuel rods and material samples from power reactors. Typically, IFE/HRP
applies instrumentation to detect fission gas release and thermal conductivity degradation to pre-irradiated
fuel rods. Irradiated structural material samples have also been instrumented to detect crack growth. The
IFE/HRP continues to refine its existing in-pile instrumentation and develop new instruments. As dis-
cussed in this section, ongoing IFE/HRP instrumentation development focuses on high temperature condi-
tions and on new methods for detection of cracking, corrosion, and crud buildup of materials.

3.4. JAEA

The Japan Atomic Energy Agency (JAEA) [formerly the Japan Atomic Energy Research Institute
(JAERI)] provides several types of instrumentation to support tests in the IMTR.®> Commercially-avail-
able sensors procured from Japanese vendors allow JMTR customers to detect temperatures using thermo-
couples and melt wires, length and diameters (using LVDT-based sensors made by Japanese vendors),
fission gas release, and neutron flux (using fission chambers, SPNDs, or flux wires), and crack growth
(using bellows to load a pre-cracked sample with direct current potential drop techniques). JAEA can also
re-instrument previously irradiated fuel rods. JAEA continues to conduct research to enhance specialized
instrumentation to support high temperature irradiations. As discussed in References 85 through 90,
research is focussing on new technologies for in-pile measurements of temperature, creep, neutron flux,
and gamma-ray intensity distributions.

Prior to unplanned difficulties during refueling of the JOYO reactor in 2007, JAEA also conducted
instrumented irradiations in this fast reactor using in-core test rigs, such as a Material Testing Rig with
Temperature Control (MARICO) test rig and an Instrumented Test Assembly (INTA), and ex-vessel test
rigs. In fact, the difficulties that have prevented operation of this MTR since 2007 were associated with
movement of the MARICO-2 instrumented test rig. Nevertheless, some of the instrumentation typically
used in JOYO tests is of interest in this review.”!

3.4.1. Temperature

For peak irradiation temperature indication, JAEA customers may select from a range of melt wire
materials, including In, Sn, Pb, Ag, and Zn, and a range of alloys. Figure 3-43 illustrates a typical melt wire
holder containing seven melt wires with melting temperatures ranging from 1050 to 1150 °C. In addition,
Reference 91 reports the use of sodium-filled stainless steel capsules, known as Thermal Expansion
Devices (TEDs) in JOYO. As shown in Figure 3-44, calibration curves have been developed for inferring
the peak irradiation temperature to the observed volumetric expansion of the stainless steel capsules. JAEA
reports accuracies of + 25 °C, but earlier applications by EBR-I of TEDs report accuracies of + 5 o 22

JAEA relies on commercially-available thermocouples (e.g., Type N, K, and C thermocouples) to
measure temperatures during JMTR irradiations. Reference 90 reports JAEA efforts to develop and deploy
multi-point or “multi-paired” Type K and N thermocouples (see Figure 3-45). The design of these
multi-paired thermocouples is similar in that they are fabricated with MgO insulation and contained within
a 1.8 mm diameter sheath (either stainless steel or Inconel). There are typically three to seven hot junction
points spaced between 20 and 30 mm apart. As shown in Figure 3-45, ‘dummy’ MgO insulators and wires
are included to fix the position of thermocouple hot junctions. Type K multi-pair thermocouples have been
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Figure 3-44. TED capsule and calibration curve relating volumetric expansion to temperature.

deployed in a 17,000 hour irradiation with peak temperatures of 700 °C. Furnace tests have demonstrated
that type N multi-paired thermocouple response will remain stable after heating at 1000 °C for 3000 hours.

3.4.2. Length and Diameter

In-pile changes in length and diameter are measured by LVDTs that are made by Japanese vendors.
Reference 90 reports JAEA efforts to increase the peak operating temperatures of two LVDT designs: one
design using ceramic coated coil wire that can operate up to 550 °C and a higher temperature design min-
eral insulated cable for the coils that can operate up to 650 °C. The performance of these higher tempera-
ture LVDTs were recently demonstrated in a lower temperature (300 °C) irradiation test conducted at the
WWR-K reactor at the Institute of Nuclear Physics at the National Nuclear Center (INP NNC) in the
Republic of Kazakhstan (total fluence of ~1.5x 10** /m?, E >1 MeV).
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Figure 3-45. Multi-paired thermocouple design.

3.4.3. Creep and Deformation

Reference 87 describes JAEA efforts to develop irradiation equipment for in-pile creep and deforma-
tion of specimens subjected to loads of up to 10 kN at temperatures up to 600 °C. The in-vessel parts of
this unit (see Figure 3-46) are installed in the reactor pressure vessel through a standpipe. This in-vessel
part is 8.9 m long with the lower portion consisting of three tubular parts, two irradiation units and a guide
tube, that are each 2.6 m long and 0.113 m in diameter. Although the specimens are primarily heated from
reactor core heat, a smaller 300 W electric heater is included for supplementary temperature control. The
neutron flux that specimens experience is monitored using SPNDs containing rhodium as the emitter.
Small fluence wires are also included for post-irradiation fast and thermal fluence measurements. Temper-
ature is monitored using Type K thermocouples, and specimen elongation is monitored by JAEA-devel-
oped LVDTs containing mineral-insulated coil material.

3.4.4. Fission Gas Pressure

Reference 90 also reports JAEA efforts to design and demonstrate the performance of fission gas pres-
sure gauges that can operate at temperatures up to 650 °C and pressures up to 10 MPa. As shown in
Figure 3-47, this gauge includes two springs, a bellows, and a high temperature LVDT (see Section 3.4.2).
Laboratory tests indicate measurement accuracies of 1.8%. The irradiation performance of this test rig was
recently demonstrated in a lower temperature (300 °C) irradiation tests conducted at the WWR-K reactor
at the INP NNC in the Republic of Kazakhstan (total fluence of ~1.5x 10** n/m?, E >1 MeV).

3.4.5. Neutron Flux

For flux and fluence measurements, JMTR irradiations can include 1.8 mm diameter fission chambers,
SPNDs, or flux wires--Fe for fast flux and Al-Co, V-Co, or Ti-Co for thermal flux. For real-time measure-
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ment of thermal neutron flux, JAEA uses Rh, Co, and Pt SPNDs.” In addition, JAEA is developing fast
response/high output SPNDs containing Co emitters surrounded by Rh and Pt emitters surrounded by Rh.
The irradiation performance of this new Pt-Rh type SPNDs was successfully demonstrated at the JMTR in
a 17,000 hour test with a peak temperature was 700 °C.

JAEA is also exploring the use of two flux characterization methods: a scintillator optical fiber with a
scanning driver and a self-powered detector with a driver. Tests were completed using the driver system to
insert each type of detector into the TRIGA II reactor at the Institute for Atomic Energy at Rikkyo Univer-
sity. Results indicate that scanning a one meter long core using an optical fiber with a scintillator (ruby)
attached to the tip yields neutron flux distributions similar to that obtained with foil activation methods
(see Figure 3-49). However, foil activation methods require 4 to 5 hours whereas the fiber method only
requires 10 minutes.
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Figure 3-49. Signals obtained with optical fiber detector and Au foil activation methods.

Because light emission of the ruby scintillator decreases at high temperatures, this method is limited to
temperatures of around 100 °C. Although JAEA is continuing to explore the potential of other scintillators,
Reference 89 also reports results from tests using the driver system with self-powered detectors containing

quartz insulators were found to function for temperatures up to 500 °C. Detectors with alumina tubes were
only found to function up to 400 °C.

3.4.6. Gamma Flux

Reference 90 reports that JAEA has recently started developing of SPGDs using a lead emiftter, alu-
mina insulators, and an Inconel 600 collector (see Figure 3-50). Calibration evaluations of these SPGDs
were performed using an alanine dosimeter in a Co-60 gamma-ray irradiation facility at the Takasaki
Advanced Radiation Research Institute.
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3.4.7. Optical Diagnostic Techniques

JAEA has been active in research to use optical diagnostic techniques to measure temperatures, reactor
power, and other operating parameters. Reference 88 reports research results indicating that newly-devel-
oped fluorine doped (F-doped) optical fibers can withstand radiation damage better than silicon core fibers.
Results for an F-doped optical fiber indicate that the radiation-induced optical absorption at about 600 nm
was less than 0.2 dB/m for an electronic excitation exposure dose of 1.9E6 Gy (1.9E13 rads).

3.5. NRG

The HFR at Petten, which is owned by the European Communities and operated by the Netherlands
Energy Research Foundation (ECN), has been conducting fuel irradiations using instrumented test rigs for
over 40 years. The Nuclear Research and consultancy Group (NRG) was established as a Partnership Firm
in 1998 through the merger of ECN's (70% share) and KEMA's (30% share) business activities in the
nuclear fields. HFR test capsules have been successfully used to investigate power cycles and ramping
behavior on PWR and BWR fuel rods.”® Although the HFR originally focussed on LWR fuel irradiations,
significant testing of HTGR and Sodium Fast Reactor (SFR) fuels have also been conducted in this facility.
Typical instrumentation in such capsules allows measurement of fuel stack displacement, fuel rod length,
fuel rod internal pressure, neutron flux, gamma flux, and fuel rod central temperatures (up to 1350 °C).

Discussions with Petten staff indicates that instruments are primarily obtained from commercial ven-
dors or IFE/HRP.?*? Typical instruments employed in specialized ECN test rigs are listed in Table 3-1.
Reference 96 describes a testing facility installed in Petten for continuous in-pile crack testing of samples
up to 730 °C. In recent years, NRG has been involved in several internationally-sponsored tests for
advanced reactor fuels.””-”® In particular, this reference discusses recently completed and ongoing cam-
paigns to evaluate gas reactor fuel elements (the HFR-EU1bis and HFR-EUI tests), gas reactor fuel coat-
ing materials (the PYCAASSO I and II tests), liquid metal fast reactor and accelerator driven system fuel
tests (CONFIRM, FUJI), transmutation fuel tests (HELIOS irradiations), and advanced fuel cycle (e.g.,
U-Pu and Th-U cycle tests). As documented in Reference 98, evaluations included a near-real time capa-
bility of measuring fission gas release, temperature, and pressure during the irradiation.
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3.6. KAERI

The Korea Atomic Energy Research Institute (KAERI) utilizes specialized instrumentation in test cap-
sules supporting materials and fuel irradiations in their HANARO multi-purpose, pool-type research reac-
tor. HANARO was designed to provide a peak thermal and fast flux of 5x10'* n/cm?-sec (E < 0.625eV)
and 2.1x10'* n/cm?sec (E>1.0MeV) at a 30 MW thermal power, respectively. Since HANARO began
operation in 1995, numerous experimental facilities have been developed and installed in its 32 vertical
holes and 7 horizontal beam ports to support fuels and material irradiations.* throvgh 102

Test equipment for irradiating nuclear fuels and materials in HANARO are classified into two catego-
ries: capsules (non-instrumented and instrumented), and FTL (Fuel Test Loop). Instrumented capsules or
test rigs for materials irradiations may include thermocouples, fluence monitors, and heaters. Fuel tests
may include thermocouples (Types K and C), pressure transducers and elongation thermometers to mea-
sure fuel temperature, internal pressure of the fuel rod, and fuel deformation, respectively, and SPNDs to
detect neutron flux. KAERI has also developed specialized capsules for creep and fatigue testing. These
capsules include thermocouples, fluence monitors, and heaters. KAERI typically procures commer-
cially-available sensors from Thermocoax (thermocouples and SPNDs), Studsvik (SPNDs) and IFE/HRP
(LVDTs). Recently, KAERI has initiated efforts to obtain enhanced instrumentation for testing of LWR
and advanced reactor fuels and materials, including the use of instrumentation from other countries. 190

3.7. ORNL

The High-Flux Isotope Reactor (HFIR), which is located at and operated by Oak Ridge National Lab-
oratory (ORNL), is an 100-MW, isotope production and test reactor that is beryllium-reflected.
light-water-cooled and -moderated, with highly enriched uranium-235 as the fuel. HFIR provides one of
the highest steady-state neutron fluxes available in any of the world's reactors, and neutron currents from
its four horizontal beam tubes are among the highest available.

Originally, HFIR was primarily designed for producing transuranium isotopes. However, many exper-
iment-irradiation facilities were included in its original design; and several others have been added. Exper-
iment-irradiation facilities available include (1) four horizontal beam tubes, which originate in the
beryllium reflector; (2) the hydraulic tube facility, located in the very high flux region of the flux trap,
which allows for insertion and removal of irradiation samples while the reactor is operating; (3) thirty tar-
get positions in the flux trap, which normally contain transuranium production rods but which can be used
for the irradiation of other experiments (two are instrumented target positions provided by a recent modifi-
cation); (4) six peripheral target positions located at the outer edge of the flux trap; (5) numerous vertical
irradiation facilities of various sizes located throughout the beryllium reflector; (6) two pneumatic tube
facilities in the beryllium reflector, which allow for insertion and removal of irradiation samples while the
reactor is operating for activation analysis; and (7) four slant access facilities, called “engineering facili-
ties,” located adjacent to the outer edge of the beryllium reflector. In addition, spent fuel assemblies are
used for gamma irradiation in the gamma irradiation facility in the reactor pool.

Today, HFIR is principally used to provide a stable neutron source for fundamental scientific experi-
ments associated with neutron scattering. A 5 inch deep flux trap located at the center of the HFIR fuel ele-
ment provides a thermal neutron flux of 2 x10'° n/cm?-sec for instrumented lead capsules and loop tests;
reflector positions are available for exposing samples in static capsules, loop, and isotope production tests
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to fluxes of 1 x 101> n/cm?-sec. Access to some experimental positions is via a pneumatic tube to allow
rapid insertion and removal during reactor operation. HFIR irradiations are typically “static capsule” and
“rabbit” tests and rely on sensors that can provide integral values, such as fluence wires, or peak values,
such as flux wires. However, ORNL has significantly advanced the use of one unique sensor, Silicon Car-
bide (SiC) temperature monitors for detecting peak temperature in static capsule tests. The capability to
deploy and evaluate these sensors, which are discussed in Section 3.7.1, has been replicated at INL to sup-
port ATR NSUF irradiations.

3.7.1. Silicon Carbide Temperature Monitors for Peak Temperature Detection

Since the early 1960s, the observation that irradiation-induced swelling of SiC begins to anneal out at
temperatures exceeding its irradiation temperature has been used as a post-irradiation temperature moni-
tor. 108 through 110 7arious approaches (e.g.. changes in length, density, thermal conductivity. and electrical
resistivity) have been used to infer irradiation temperature from this observed phenomena. Snead et al.!%°
recommends using changes in resistivity because of improved accuracy, ease of measurement, and reduced
costs. Work presented by Snead in Reference 108 was conducted on SiC produced by chemical vapor
deposition (CVD). This material is fully dense (3.203 g/cc) and stoichiometric. Comparisons between SiC
measurements and thermocouples indicate that accuracies of approximately 20 °C are possible for dose
ranges of 1 to 8 dpa and temperatures from 200 to at least 800 °C. Absolute limits for this approach are
150 °C (an amorphorous threshold) and 875 °C (due to recrystallization). Note that Reference 109 cites
that measurements should be taken in a controlled environment (within 0.4 °C) with annealing periods of
approximately 30 minutes to obtain these accuracies.

Figure 3-51 (from Reference 109) shows data obtained from this technique. The curves shown in this
figure represent data obtained from a series of samples, all irradiated in the ORNL HFIR core at similar
dose rates of ~ 8 x 101* n/cm?-s (E > 0.1 MeV). The total dose for the curves is not identical. The curve for
an irradiation temperature of ~350 °C is at the lowest dose (~0.1 dpa, assuming 1 dpa = 1 x 10*! n/cm?;
E>0.1 MeV) while the remainder are from ~1-8 dpa. It is speculated that the apparent saturation in normal-
ized resistivity for the 0.1 dpa sample represents the point at which the simplest of the defects in the irradi-
ated SiC have annealed away and represents conductivity at the new dopant level for the irradiated SiC.

It should be noted that there are several limitations associated with the use of SiC temperature detec-
tors. As discussed in Reference 109, temperatures are inferred by post-irradiation detection of changes in
the stable defect population within SiC monitors that were incurred during irradiation. Some examples
where errors could be inferred from SiC monitors cited in Reference 109 include:

* Irradiation temperatures rising during the latter part of irradiation. For damages greater than
0.1 dpa, the increasing temperature will anneal out defects that occur at the lower irradiation tem-
perature, while creating stable defects at the higher temperature. When isochronal annealing is per-
formed, lower temperature defects (to some or great extent) will have already been removed, and
the recovery curve will be smeared to somewhat higher temperatures. If the temperature increase
during irradiation is small, or the time at higher temperature is short, then the original departure
from linearity will give the earlier irradiation temperature.

* Irradiation temperatures decreasing during irradiation. This decrease will lead to defects being
created and frozen-in at the higher-temperature, while continuing to create lower temperature
defects. The isochronal anneal will then give an indication of the lowest irradiation temperature (in
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Figure 3-51. Electrical resistivity technique applied over a range of irradiation temperatures.

this case at the end of the irradiation period), and the recovery curve will be smeared due to
annealing of higher temperature defects.

*  Upward or downward temperature spikes during irradiation. This case has the potential to lead to
partially created or annealed defects, depending on the change and duration of the temperature
increase and the damage to the SiC monitor during irradiation.

However, if irradiation tests are conducted at or near the same temperature when the reactor is at power,
none of these situations are of concern.
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4. ENHANCED ATR INSTRUMENTATION STRATEGY

INL has a long history of developing highly specialized instrumentation to meet demands of customers
conducting unique tests in INL facilities. Such instrumentation was used in INL test reactors and in facili-
ties from the Power Burst Facility (PBF) and Loss of Fluid Test (LOFT) research programs. Unfortunately,
INL instrumentation development and research funding declined significantly in the 1980s, when large test
facility programs ended. Until this in-pile instrumentation enhancement effort was initiated, ATR irradia-
tion testing relied primarily on commercial vendors for instrumentation.

As documented in Section 3, several test reactor programs in Europe and Asia, such as the HFR
(Petten), HBWR (Halden), and JAEA (JMTR and JOYO) have maintained their instrumentation develop-
ment and evaluation research capability. Others, such as CEA, are rapidly trying to regain this expertise.
As part of the ATR NSUF, it was recognized that a focussed effort was needed at INL if the ATR is to
become competitive as a world class irradiation facility. Hence, a research and development plan was
developed in 2008 so that ATR users would have access to enhanced real-time in-pile instrumentation,
comparable to (and, in some cases, superior to) that available at other MTRs, by 2015. This plan identifies
and prioritizes instrumentation research considering ATR NSUF customer and reactor staff needs along
with technology readiness. INL progress in accomplishing the objectives outlined in the research plan is
presented in this section.

‘When the ATR NSUF instrumentation strategic plan was originally developed, estimates for the
funding required to obtain a world-class instrumentation and testing capability for ATR were identified.
During the subsequent years, the allocated ATR NSUF funding level has often been less than the estimates
to implement this strategy. However, the instrumentation capability developed with ATR NSUF funds has
been sufficient for this effort to continue and to attract funding from other sources. For example, during
FY13, the DOE-NE FCRD program, the ATR Life Extension Project (LEP), and the NEET programs
funded selected instrumentation development and deployment activities. In addition, selected programs are
supported by INL’s Laboratory Directed Research and Development (LDRD) program. Hence, having a
focussed and coordinated effort to provide US MTRs advanced in-pile instrumentation and standardized
test rigs incorporating such instrumentation is essential if the US is to benefit from this DOE investment.

4.1. Motivation/Justification for Investment

This research and development program is sorely needed and necessary if the ATR NSUF wishes to
attract additional researchers from universities, laboratories, and industry. Key points for the business case
to support this effort include:

*  Vital Component for ATR NSUF Success. If the ATR is to become a world-class irradiation facil-
ity, adequate instrumentation must be available fo its users. As noted in Section 2, the ATR has
advantages over many other MTRs with smaller irradiation test locations and lower flux levels.
Yet, instrumentation capabilities developed by research staff at other test reactors allow their cus-
fomers to obtain real-time data from tests that cannot be obtained from tests conducted in the ATR.

*  Focussed Instrumentation Development to Attract Near-term Customers. INL’s position as the
lead DOE-NE lab uniquely positions this research program so that it can easily focus instrumenta-
tion research and development efforts to help meet near-term DOE-NE customer needs and help
the ATR attract other customers, such as the US Nuclear Regulatory Commission (US NRC) and
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DOE-NE’s Advanced Reactor Concepts (ARC), Next Generation Nuclear Plant (NGNP),
Advanced Small Modular Reactor (SMR), and LWR Sustainability (LWRS) programs.

*  Expertise and Facilities for Deploying Unique Instrumentation. Much of the investment has
already been made to obtain the right equipment and trained staff. INL.’s HTTL possesses unique
equipment for evaluating and fabricating required instrumentation. The newly-relocated HTTL a
world-class facility for sensor fabrication and evaluation, and the TTAF is a world-class test rig
fabrication and assembly facility. INL also has unique test reactors and gamma irradiation facili-
ties for demonstrating and using new instrumentation for in-pile measurements.

- s
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Figure 4-1. HTTL layout and equipment.

e Increased usage of US MTRs. As documented in Section 3.3, data from irradiation tests at inter-
national MTRs have identified issues affecting US commercial nuclear power plants, such as ther-
mal conductivity degradation in fuel as a function of burnup and dispersion and axial relocation of
fuel during a Loss of Coolant Accident. As US vendors strive to enhance LWR fuels, it is impor-
tant to have a domestic capability for evaluating fuel irradiation performance.

*  Market for research program task collaboration and products. Clearly, the primary market for
products from this effort is ATR NSUF users. However, INL-developed instrumentation is also
attracting customers that operate other MTRs (e.g., HBWR, OSIRIS, and the MITR). In addition,
there is the potential for adapted versions of instrumentation developed and deployed from this
research to be used in commercial nuclear power plants, in spent fuel dry storage casks, and in

applications funded by the National Aeronautics and Space Administration (NASA) or the Depart-
ment of Defense (DOD).
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Potential funding sources for an ATR NSUF instrumentation program and its products are summarized
in Table 4-1. This table also lists potential collaborators for various instrumentation program elements.

Table 4-1. Funding sources and potential collaborators for INL instrumentation elements.

Program Elements Funding Sources Collaborators
Sensor Development [DOE-NE LWRS; DOE-NE FCRD; DOE-NE NEET (ATR [IFE/HRP; CEA; SCK*CEN
NSUF, Advanced Sensors Initiative). KAERI; JAEA
Others, such as the DOE-EM; US NRC; DOD; Naval International Funding Agencies [OECD,
Reactors, NASA); INL LDRD IAFA, Joint Research Centre (JRC)]
Developed Sensors- |Other MTRs (CEA-OSIRIS and JHR, NRG/JRC - HFR, |Commercial Industry (fiber optic and
Nuclear Customers KAERI-HANARO, ORNL-HFIR, IFE/HRP- HBWR, thermocouple vendors via government
JAEA- JMTR, SNL-Annular Core Research Reactor sponsored grants or venture capital) to
(ACRR), MIT-MITR) transfer technology.

Commercial Nuclear Reactors

DOE-NE (NGNP, FCRD, LWRS, ARC, Advanced SMRs)
Others, such as the US NRC, Department of Defense
(DOD); Naval Reactors, NASA).

Developed Sensors- |DOD. NASA, Aircraft Industry, Petroleum Industry, Coal |Commercial Industry (fiber optic and

Non-Nuclear Industry thermocouple vendors via government
Customers sponsored grants or venture capital) to
transfer technology.

4.2. Currently Available ATR NSUF Instrumentation

Table 4-2 identifies instrumentation currently available for ATR NSUF experiments. As discussed in
Section 2, ATR irradiation capabilities in static capsule, shuttle, instrumented lead, and PWR loop tests,
are unparalleled. However, as indicated in column 5 of Table 4-2, available instrumentation for measuring
parameters of interest during an irradiation test is limited at each irradiation location. As indicated by col-
umn 6, sensors available at other MTRs could increase measurement capabilities during ATR irradiations.
Note that adapting instrumentation from other test reactors often requires laboratory demonstrations
because of ATR-specific irradiation conditions and test capsule geometries. For example, devices may be
required that can withstand higher temperatures and fluences. Column 7, which is labeled “Developmen-
tal” under “Proposed Instrumentation Advancement” lists developmental or non-nuclear technologies that
could offer enhanced in-pile measurement capabilities. Typically, technologies listed in this column are
considered to be less “ready” for implementation.
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Table 4-2. Instrumentation available at ATR and proposed advanced technologies.

Location Proposed Advanced Technology
R Static Instr. | PWR Available Technology .
Capsule/ at ATR Available at Other MTRs Developmental
Lead | Loop
Shuttle
Temperature v v v |-Melt wires (peak)®™”  |-Paint spots (peak)
-Silicon Carbide (SiC) |-Thermal Expansion Devices
temperature monitors  |(TEDSs)
(range)
v v  |-Thermocouples (Type |[-Expansion thermometer - Fiber optics
N, K. C%, and -Noise thermometry
HTIR—TC.‘sd) -Ultrasonic thermometers
(UTs)
Thermal v v |- Transient Hot Wire  |-Degradation using signal
Conductivity Method Needle Probe  |changes in thermocouples
(THWM NP)
Flux/Fluence v v v  |-Flux wires and foils
(neutron) v v -Self-Powered Neutron - Moveable SPNDs
Detectors (SPNDs) - Micro-Pocket Fission
-Subminiature / miniature  (Detectors (MPFDs)
fission chambers
Gamma v v -Calorimeters
Heating / -Gamma thermometers
Gamma Flux -Self-Powered Gamma
Detectors (SPGDs)
Dimensional v v |-LVDT-based -Diameter gauge -Ultrasonic techniques
elongation -Fiber optics
Fission Gas v v  |-On-line Sampling -LVDT-based pressure -Acoustic measurements
(Amount, -Pressure gauge monitors with high-frequency
Composition) echography
Loop Pressure v  |-Differential pressure
transmitters
-Pressure gauges with
impulse lines
Loop Flowrate v  |-Flow venturis -Turbine flow meters (for
-Orifice plates individual fuel assemblies)
Loop Water v |-Off-line sampling / -Electrical chemical potential
Chemistry analysis probes
Crud v - Diameter gauge with
Deposition neutron detectors, and
thermocouples
Crack Growth v -Direct current potential drop
Rate (DCPD) technique

a. Text color m Columns 5 through 7 designates:

Black
Blue

- Sensors or capabilities existing at the ATR or existing or under development at other MTRs
- New or enhanced sensors being investigated or for which mvestigations were mitiated but deferred due to funding limitations

Magenta - New or enhanced sensors or capabilities for which laboratory investigations have been completed but require irradiation evaluation

Red

- New or enhanced sensors or test ngs now deployed at the ATR. because of recent mstrumentation research

b. Although melt wires have been used at ATR. recent efforts have expanded the types offered to our users, allowing more accurate estimates of peak tem-
perature with enhanced encapsulation methods.
c. Type C thermocouple use requires a “correction factor” to correct for decalibration dunng irradiation.
d. High Temperature Irradiation Resistant ThermoCouple (HTIR-TC)

As part of the ATR NSUF program (and several other DOE-NE programs), several activities have
been initiated to develop and implement new in-pile instrumentation capabilities. Blue text in Table 4-2
indicates current instrumentation research efforts, red text indicates demonstrated new or enhanced sensors
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now available to users as a result of recent instrumentation research, and magenta text indicates new sen-
sors and capabilities that are now ready for deployment as a result of recent instrumentation research.
Instrumentation development tasks were selected based on anticipated user needs by the ATR NSUF or
other DOE-NE programs and ‘'technology readiness' (providing users needed instrumentation in the
near-term). The ultimate goal of this effort is to provide ATR users with sensors for detecting all of the
parameters listed in Table 4-2.

Many instrumentation development efforts are in collaboration with other organizations. As indicated
in Table 4-2, several new or enhanced sensors are now available to ATR users as a result of this instrumen-
tation development effort. In many cases, it would not have been possible to have such sensors available so
quickly to ATR users without the assistance obtained from collaborations with other organizations.

4.3. Current Prioritization for Instrumentation Development

Figure 5 graphically illustrates the process for developing and demonstrating instrumentation needed
to advance ATR NSUF testing capabilities. There are several major activities identified, “Near-Term
Technologies™, and “Developmental”, and “Expansion”. Representative tasks identified in each area are
also shown with qualitative judgments with respect to ATR capabilities compared to other test reactors. As
indicated, the ATR NSUF is expected to have comparable instrumentation for many parameters during
FY14, and “world class” (e.g., comparable in many cases, and in some cases, superior) irradiation capabil-
ities by FY'15. Nevertheless, the ability to meet such goals is dependent upon allocated funding levels and
sensor irradiation schedules. Current efforts to meet this national need come from various sources, and the
ability to meet this FY15 goal is dependent upon allocated funding levels and sensor irradiation schedules.
For example, delays in completing planned tests in the ATRC facility during 2012 and 2013 have delayed
progress in providing real-time flux monitors to ATR NSUF users. Likewise, 2014 ATR NSU&F funding
allocations have delayed progress on activities related to evaluations of gamma thermometers and SPGDs.

Table 4-3 summarizes the status of the effort to provide enhanced in-pile instrumentation to ATR
users. Similar to Table 4-2, blue text indicates current instrumentation research efforts, and red and
magenta text indicates new sensors now available to users as a result of recent instrumentation research.
More detailed information about on-going instrumentation activities is provided in Section 5. As indicated
in Tables 4-2 and 4-3, considerable progress has been made in this program since its inception. Several
new sensors are now available to users; and as indicated in Section 5, several additional sensors should
soon be available. It is also encouraging to see that some level of research has been initiated on many of the
sensor technologies identified in this table. However, funding availability has delayed certain instrumenta-
tion deployment activities. For example, the FCRD program has been interested in (and funded develop-
ment of) ultrasound-based and fiber optic-based instrumentation that can provide higher resolution/higher
accuracy data than currently-available instrumentation. Unfortunately, decreases in FCRD funding for
in-pile instrumentation has delayed planned deployment of such sensors. Blue italics text indicates instru-
mentation efforts in which activities have been delayed in FY 14 due to such funding limitations.
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Figure ES-5. ATR NSUF advanced instrumentation research and development (timing is dependent on
funding availability).

Table 4-3. Status of ATR NSUF sensor development and enhancement efforts.

Parameter Sensor Status

Temperature Melt Wires? Currently used in several ATR NSUF uradiations. Both quartz and vanadium encapsu-
lation available for wires with melting temperatures between 85 and 1455 °C.

S1C Temperature Currently used in several ATR NSUF urradiations.

Monitors

HTIR-TC Initial out-oi-pile testing completed. In-pile testing (in the first Advanced Gas Reactor
(AGR-1) NGNP fuel irradiation test) and sensor enhancement evaluations completed;
HTIR-TCs provided to MIT and IFE/HRP. Additional HTTR-TCs being fabricated for
NGNP program in FY'14.

Ultrasonic FCRD program funded first two years of a three year effort to develop and evaluate an

Thermometers (UT) |enhanced prototype. Additional funding required to complete prototype evaluations and
design optimization. Although prototype is focussed on use of magnetostrictive trans-
ducers, deployment will benefit from MITR test to compare irradiation-related surviv-
ability of piezoelectric and magnetostrictive transducers.

Thermal THWM NP Prototype design developed and initial laboratory testing completed. Prototype THWM
Conductivity probe prepared and shipped to CEA and being prepared for shipment to IFE/HRP.
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Table 4-3. Status of ATR NSUF sensor development and enhancement efforts.

Parameter Sensor Status
Elongation, Crud [LVDTs Out-of-pile testing completed on developmental LVDT that resists high temperature
deposition, degradation and eliminates Curie temperature effects.
Corrosion Diameter gauge Currently used in the Halden Boiling Water Reactor (HBWR) for detecting swelling,

corrosion, and crud buildup. Three year LDRD initiated in FY 14.

Ulfrasonic Scoping tests completed on elongation prototype. Prior to deployment, additional proto-

Techniques type out-of-pile testing needed and results from NEET-funded MITR piezoelectric and
magnetostrictive transducer irradiation test needed.

Fiber Optic FCRD funded first two years of a three year effort to develop and evaluate the accuracy

Techniques of a candidate probe. Prior to deployment, an instrumented lead test needed to evaluate

fiber optic survivability in radiation environments.

In-pile Creep Test
Rig

LVDT-based nig
with bellows

Design developed and prototype evaluated at PWR conditions in a laboratory autoclave.
Enhanced design, with variable load capability. developed and evaluated in a laboratory
autoclave. Both designs developed for future use an ATR PWR loop.

Neutron Flux

Flux wires and foils

(Various flux wires and foils available. Vanadium encapsulation available.

SPNDs and fission

Specially-developed fixturing designed. fabricated. and installed at ATRC. In FY13,

chambers additional evaluations of detectors completed. Additional ATRC evaluations planned
for FY14. In addition, SPND will be included in NEET-funded MITR. Development of
MPFDs for ATRC evaluations underway.
Gamma Heating [SPGDs and Gamma [Currently used at HBWR; SPGDs will be included in NEET-funded MITR irradiation
thermometers inFY14.
Crack propagation [DCPD method with [Currently used at HBWR; Investigations initiated in 2012.
CT specimens
Ulfrasonic Funding source needed for laboratory evaluations. Prior to deployment, results of piezo-
techniques electric and magnetostrictive transducer irradiation test at MITR needed.
Fiber optics Funding source needed for laboratory evaluations. Prior to deployment, an instrumented
techniques lead test needed to evaluate fiber optic survivability in radiation environments.

a. Font in Column 2 designates:
Black - Sensors or capabilities existing at the ATR or existing or under development at other MTRs

Blue

- New or enhanced sensors being mvestigated or 1f ttalics, for which mvestigations were mitated but deferred due to funding linmtations

Magenta - New or enhanced sensors or capabilities for which laboratory investigations have been completed but require irradiation evaluation

Red

- New or enhanced sensors or test ngs now deployed at the ATR. because of recent mstrumentation research

In addition to providing ATR customers the instrumentation required for their irradiation tests, this
program has clearly added to the prestige and capabilities of the ATR NSUF, INL, and to the DOE. Inter-
national collaborations have been established with leading in-pile testing organizations, such as IFE/HRP
and CEA. Partnerships with universities have not only helped students successfully complete their gradu-
ate level research, but have led to new INL employees. Over 29 peer-reviewed conference papers and 22
archival journal papers have been produced, and several patents have been awarded or are pending from
this research.
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5. DEVELOPMENT - IDAHO NATIONAL LABORATORY

Several INL efforts are underway to enhance in-pile instrumentation for ATR users. As indicated in
Section 4, these efforts continue to focus on obtaining and deploying instrumentation for measuring a wide
range of parameters and conditions to support irradiation needs for the ATR NSUF and other DOE pro-
grams. This section summarizes the status of on-going and planned sensor development and evaluation
efforts at INL. Additional details related to sensor development and deployment activities are found in
References 103 though 105.

5.1. Temperature Sensors

Temperature is a key parameter of interest during fuel and material irradiations. As indicated in
Table 4-2, available temperature detection sensors to ATR NSUF users are comparable, if not superior, to
those used at other MTRs. Melt wires and commercially-available thermocouples (e.g., Types K, N, and C)
have been available for decades, but were procured from external vendors. To meet recent customer
requests for peak temperature indicators in static capsule and hydraulic shuttle locations, an increased
selection of melt wires with enhanced encapsulation is now available from in-house sources. In addition,
SiC temperature monitors can now be evaluated by HTTL staff. These ‘peak temperature’ indicators, com-
mercially-produced thermocouples, and doped molybdenum/niobium alloy HTIR-TCs are available for
instrumented lead and PWR loop applications. Development of enhanced ultrasonic thermometers for tem-
perature measurement is also underway.

5.1.1. Melt wires

Melt wires are the simplest and least expensive option available for monitoring temperature in ATR
tests. Metallic wires of a known composition and well characterized melting temperature are included in a
test to determine if a specific peak temperature has been reached or exceeded. As described in American
Society for Testing and Materials (ASTM) E 1214-06,%¢ melt wire materials should consist of metals with
99.9% purity or be eutectic alloys such that their measured melting temperatures are within + 3 °C of the
recognized melting temperatures. The standard states that transmutation-induced changes of selected wires
should not be considered significant up to 1 x 10?° n/em? (E > 1 MeV). As noted in Reference 106, melt
wires should be selected to measure temperature at 5 to 12 °C intervals, with at least one melt wire that
possesses a melting temperature greater than the highest anticipated temperature.

INL has established a library of melt wires and developed in-house capabilities to verify the melting
temperature of candidate wire materials (ranging from ~85 to 1455 °C) using a DSC installed at INL's
HTTL.!%7 When possible, INL selects high purity materials with low thermal neutron capture cross-sec-
tions. Table 5-1 lists the melt wire materials currently available for irradiation testing that have undergone
verification testing. Note that the current library has been developed according to user requests. It is antic-
ipated that the number of materials in this library will increase as additional user requests are received.

INL has developed several options for encasing melt wires, including encasing multiple melt wires
into a single 1.6 mm diameter quartz tube or a single wire in a 1.7 mm diameter metallic capsule.
Figure 5-1 shows a quartz tube containing multiple melt wires after progressive heating steps during verifi-
cation testing in high temperature furnaces installed at INL's HTTL. The wires selected are chosen based
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Table 5-1. Melt wire materials and melting temperatures currently available in INL library.

Material (component weight%o) Melt Onset Temperature, °C
56.2Bi 33.8Pb 10Sn 85.0
65Bi35In 110.6
55.2B144.8Pb 126.4
57Bi43Sn 139.4
100Sn 231.8
95Sn5Sb 238.6
90Pb10Sb 2524
80Au 20Sn 279.5
100 Bi 2714
97.5Pb5SAg5Sn 302.9
97.5Pb0.75Sn 1.75Ag 309.3
100 Pb 3275
957Zn5Al 381.2
957Zn5Al 381.2
85Te 158n 3994
100 Zn 419.6
80Sb20Zn 507.8
100 Al 660.5
49Ag16Cu23Zn7.5Mn4.5Ni 681.3
40Ti20Zr20Cu20Ni 850.7
98.2Cul.8Be 865.1
100Ge 938.3
82Au 18Ni 955.0
100 Ag 961.9
65Cu35Au 995.6
100Au 1064.0
100Cu 1084.6
70Cu30Ni 1191.0
28Mo69Ni2FelColCr 1370.0
Ni 1455.0

on expected irradiation test temperatures and required resolution. The melt wires depicted in Figure 5-1a
are considered good materials for this purpose because melting may be determined by visual inspection.
This is important because this determination must be made during Post Irradiation Examination (PIE) in a
hot cell. Figure 5-1b shows melt wires that were determined to be less-ideal choices for use. For these
wires, melting (confirmed through DSC testing) could not easily be determined by visual inspection; and
microscopic examination was required. Melting in these cases had to be determined by changes to the sur-
face condition of the wires rather than bulk deformation of the wires. As noted above, metallic tubes are
also available for encapsulation in ATR tests. However, post-test examination is more complicated, requir-
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ing radiography, computer tomography, or destructive examination of the tube to allow inspection of the
wire after irradiation.
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Figure 5-1. Quartz tube containing four melt wires in separated compartments: (a) Example of ideal indi-
cator melt wires; (b) Example of non-ideal indicator melt wires.

5.1.2. Silicon Carbide Temperature Monitors

Another option available to ATR users for peak temperature detection is the use of SiC temperature
monitors. The benefit of this option is that a single small monitor (typically 1 mm x 1 mm x 10 mm or 1
mm diameter X 10 mm length) can be used to detect peak irradiation temperatures between 200 and 800 °C
(and possibly up to temperatures near 900 °C). SiC incurs damage in its crystalline structure during irradi-
ation. This causes several measurable physical changes to the monitor (i.e. changes in dimensions, thermal
conductivity, electrical resistivity, etc.). When the monitor is annealed at a temperature greater than the
peak irradiation temperature, the altered properties rapidly change.!%8-110

As discussed in Section 3.7.1, Snead et al. at ORNL successfully used changes in electrical resistivity
to detect peak irradiation temperatures with accuracies of approximately 20 °C for dose ranges of 1 to 8
dpa and temperatures between 200 and 800 °C.1%° Experimental data!'® suggest that upper and lower
bounds for this range may be extended.

Specialized equipment at INL's HTTL now allows peak temperature detection with irradiated SiC
monitors. With this equipment, the SiC sensor electrical resistivity is measured after annealing in a furnace
located within a stainless steel enclosure at the HTTL (shown in Figure 5-2). After annealing, cooled sam-
ples are placed into a constant temperature environmental test chamber to ensure electrical resistivity mea-
surements are taken within 0.2 °C of a predetermined temperature (typically near 30 °C). A high accuracy
(9 digit) multimeter, located outside the stainless steel enclosure, is used to obtain resistance measure-
ments. Specialized fixturing (Figure 5-2) was developed to ensure that measurements are taken with the
SiC sensors placed consistently in the same orientation. A four point probe technique is used with the
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points connected to the sample through spring-loaded, angled electrodes that hold the SiC temperature
monitor in place. Current and voltage are provided to the sample via wires that are threaded through the
holes in the electrodes. The accuracy of this new INL capability was verified by completing comparison
measurements with ORNL on identical sensors that had been subjected to identical irradiation condi-
tions.!%7 Results, as shown in Figure 5-3, indicate that similar peak irradiation temperatures are inferred
from ORNL and INL measurements in these evaluations (e.g., significant increases in normalized electri-
cal resistivity at 300 °C and at 670 °C were observed).

Constant
temperature
chamber

Vent hood
to HEPA filter

1100 °C
furnace

8'x 8' x 8' stainless
steel enclosure

Specialized fixture for resistance
measurements inside chamber

Measurement
i __& electronics

Figure 5-2. Setup to anneal and measure electrical resistivity of SiC temperature monitors.
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Figure 5-3. Electrical resistivity measurement comparison on SiC monitors irradiated at peak tempera-
tures of (a) 300 °C and (b) 670 °C.

Several irradiation capsules in the ATR now contain SiC temperature monitors. During 2011, two of

the SiC monitors included in the ATR NSUF University of Wisconsin test'!? were evaluated using the
HTTL procedure“3 developed for such evaluations; and results are documented in Reference 114. It is
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anticipated that the use of SiC monitors will continue to increase as additional ATR users include SiC tem-
perature monitors in their tests. In particular, monitors from several ATR NSUF university-led experi-
ments and an EPRI test are scheduled for evaluation in 2014.

5.1.3. High Temperature Irradiation Resistant Thermocouples (HTIR-TCs)

Real-time temperature measurements during irradiation tests are typically made with commer-
cially-available, mineral insulated, metallic sheathed thermocouples. These thermocouples are used to
monitor and/or control the temperature achieved during irradiation. For temperatures below 1000 °C,
experimental needs are typically met using Type K or Type N thermocouples, which have excellent reli-
ability and signal stability under irradiation, even for very high neutron fluences exceeding 10** n/cm?
(thermal neutrons). However, these thermocouples decalibrate when exposed to temperatures above
1100 °C. Although other types of commercially-available thermocouples exist for higher temperature
applications (up to 1800 °C), the thermoelements used in these thermocouples contain materials such as
tungsten and rhenium (in the case of Type C and D thermocouples) or platinum and rhodium (Type R, S,
and B) that decalibrate due to transmutation from absorption of neutrons. Hence, thermocouples were
needed that could withstand both high temperature and high radiation environments.

To address this need, INL developed a HTIR-TC that contains commercially-available doped molyb-
denum alloy paired with a niobium alloy. HTIR-TC component materials were selected based on data
obtained from materials interaction tests, ductility investigations, and resolution evaluations (see Refer-
ences 115 through 122). HTIR-TC long duration performance has been demonstrated through testing, in
which thermocouples were held at elevated temperatures (from 1200 °C to 1800 °C) for up to 6 months.
The 1200 °C test included nineteen commercially-available Type N thermocouples, three commer-
cially-available Type K thermocouples, and nine INL-developed swaged HTIR-TCs. As indicated in Fig-
ure 5-4, some Type K and N thermocouples drifted by over 100 °C or 8%. Much smaller drifts (typically
less than 20 °C or 2%) were observed in the INL-developed HTIR-TCs. As documented in Reference
116, similar drifts (2%) were observed in HTIR-TCs in a long duration (4000 hour) test completed at
1400 °C and smaller drifts (less than 1%) have been observed in HTIR-TCs with enhanced fabrication
techniques for higher temperatures (up to 1800 °C).
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Figure 5-4. Representative thermocouple response in INL 1200 °C tests.

HTIR-TCs were installed in a multi-capsule experiment, in which gas reactor fuel samples were irradi-
ated at temperatures up to 1200 °C in INL's ATR. The test started in February 2007 and ended in October
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2009. Figure 5-5 shows signals from two INL-developed HTIR-TCs and one Type N thermocouple located
within one of the capsules (Capsule 4). Signal variations are due to ATR power fluctuations and outages
(e.g., gray regions correspond to when the ATR was shutdown). As shown in this figure, the HTIR-TC
(TC-4-1) located near the Type N thermocouple (TC-4-3) yielded a signal consistent with the signal from
this Type N thermocouple at the beginning of this irradiation. In addition, the HTIR-TC located at a
higher temperature region within the capsule (TC-4-2) yielded a consistent, but higher temperature, signal.
However, in October 2008, the Type N thermocouple failed; and its signal ceased. The successful opera-
tion of HTIR-TCs in this test has led to INL supplying them to other test reactors.
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Figure 5-5. HTIR-TCs installed in AGR-1 test capsule and representative HTIR-TC and Type N data dur-
ing AGR-1 irradiation.

In 2010, three HTIR-TCs were supplied to the Massachusetts Institute of Technology (MIT) for an
irradiation test in their research reactor. As discussed in Reference 123, two HTIR-TCs were included in a
MIT research reactor (MITR) In-core Sample Assembly (ICSA) test of materials with four capsules (see
Figure 5-6). These two HITR-TCs were positioned in the lower two capsules of this test, where peak tem-
peratures were less than 800 °C. The test was conducted in three phases. At the end of the first phase, the
upper two capsules were removed (with the lower two capsules and the HTIR-TCs remaining in position).
At the start of the third phase, two new upper capsules were inserted. One of the two HTIR-TCs failed
during the middle of the second phase of this test, while the second HITR-TCs remained stable throughout
the duration of the test. It is suspected that the removal of the upper two capsules after the first phase of the
test could have led to mechanical damage to the HTIR-TC that failed.

As part of a Memo of Understanding (MOU) between the IFE/HRP and the INL, the HTTL shipped
four HTIR-TCs to IFE/HRP in 2011 for use as fuel centerline thermocouples in upcoming HBWR irradia-
tions. Deployment of HTIR-TCs at the HBWR represents a unique opportunity to observe the performance
of HTIR-TCs in a higher temperature (1600 °C) irradiation (although HTIR-TC performance at 1800 °C
has been demonstrated in laboratory furnaces, prior irradiations have been limited to peak temperatures of
1200 °C and did not include sensors fabricated with improved processes to enhance HTIR-TC ductility).
As indicated in Figure 5-7, prototypes of the enhanced HTIR-TCs exhibited good ductility after stabiliza-
tion heat treatments.
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Representative capsule with TC installed

Figure 5-6. Cutaway of MITR core showing position of ICSA assembly with four sample capsules)
installed in an in-core position (reactor fuel elements not shown for clarity).

As noted in Section 3.3, the HBWR has relied on Type C thermocouples to support high temperature
rradiations. To overcome the decalibration that occurs in Type C thermocouples due to transmutation, the
IFE/HRP applies correction factors (based on the fact that the irradiations are always performed at the
same flux and temperature distributions in the HBWR). However, in recent years, IFE/HRP staff has
expressed interested in deploying HTTL-developed HTIR-TCs. The four HTIR-TCs were shipped to the
IFE/HRP in November 2011. IFE/HRP currently plans to include these HTIR-TCs in a fuel irradiation test
rig that will be inserted into the HBWR in June 2014. This HBWR irradiation will be the first time that
HTTL-developed sensors have been deployed in a foreign MTR. Transmittal of these sensors facilitates
on-going HTTL efforts to obtain IFE/HRP assistance in deploying their LVDT-based test rigs for measur-
ing creep elongation and changes in fuel diameter and crack growth rate test rigs at the ATR.

Last, it should be emphasized that the HTIR-TCs are the ONLY thermocouples capable of withstand-
ing temperatures in excess of 1100 °C during an irradiation without decalibration or degradation. In recog-
nition of this fact, the NGNP has commissioned the HTTL to provide them additional HTIR-TCs to
support their fuel qualification test program. These HTIR-TCs will be fabricated in FY14.

5.1.4. Ultrasonic Thermometers

Ultrasonic thermometry has the potential to improve upon temperature sensors currently used for
in-core temperature measurements. 124 Ultrasonic Thermometers (UTs) can be made with very small diam-
eters while maintaining a high level of durability because the sensor consists of a small diameter rod (typi-
cal diameters range from 0.25 mm to 1 mm, although a sheath may be required for some environments).!?>
In fact, a small diameter rod is desirable; as ultrasonic wave dispersion is avoided when the rod diameter is
sufficiently smaller than the acoustic wavelength.!?® Even though the HTIR-TCs developed by INL have
overcome most of the difficulties associated with nuclear-based applications of thermocouples, the resis-
tivity of electrical insulators can degrade if subjected to high temperatures (> 1800 °C), causing shunting
errors. However, UT temperature measurements may potentially be made near the melting point of the sen-
sor material, allowing temperatures in excess of 3000 °C to be monitored for certain sensor materials. A
clear line of sight is not required with UTs, as is the case for most optical pyrometry applications. With
proper selection of materials, UTs may be used in very harsh environments, such as high temperature
steam or liquid metals. Furthermore, thermocouples typically only allow measurement at a single location,
and examination of melt wires or silicon carbide monitors only allow estimation of the maximum test tem-
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Figure 5-7. HTIR-TCs for IFE/HRP: (a) final HTIR-TCs prior to shipment; Enhanced fabrication tech-
niques demonstrated (b) enhanced stability and (c) ductility after 1700 °C stabilization heat treatment.

peratures at the point of installation. However, UTs offer the potential for real time in-pile measurement of
a temperature profile using a single multi-segment sensor. By introducing multiple acoustic discontinuities
into the sensor, UTs are able to perform temperature measurements at several points along the sensor
length.

UTs work on the principle that the speed at which sound travels through a material (acoustic velocity)
is dependant on the temperature of the material. Temperatures may be derived by introducing an acoustic
pulse to the sensor and measuring the time delay of echoes. A conceptual design of a “notched-probe’ UT,
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with key components identified, is shown in Figure 5-8. If the magnetostrictive transducer shown in this
figure is considered, a narrow ultrasonic pulse is generated in the probe by a short duration magnetic field
pulse produced by an excitation coil (though previous in-pile research utilized magnetostrictive transduc-
ers, piezoelectric transducers may potentially be used in this effort). The ultrasonic pulse propagates to the
sensor wire, where a fraction of the pulse energy is reflected at each discontinuity (notches or diameter
change). Each reflected pulse is received by the excitation coil, transformed into an electrical signal,
amplified and evaluated in a start/stop counter system. The time interval between two adjacent echoes is
evaluated and compared to a calibration curve to give the average temperature in the corresponding sensor
segment. When a number of notches are available on the wire sensor, the various measurements give
access to a temperature profile along the probe.
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Figure 5-8. Schematic showing typical components of a UT and signal processing equipment.

Prior US UT applications demonstrated the viability of this technology for LWR, HTGR, and SFR test
conditions (see Figure 5-9).%7 However, prior in-pile applications were primarily limited to fuel damage
tests that ceased several decades ago.!?” Although these tests clearly demonstrated the ability of UTs to
withstand high temperatures (up to nearly 2900 °C), test durations were typically limited to less than 100
hours; and data acquisition was cumbersome due to the limitations of signal processing systems available
at the time. The availability of new materials and signal processing techniques suggests that this technol-
ogy could be ideally suited for irradiations that require robust, high accuracy, compact sensors.

The FCRD program funded initial INL efforts to develop an optimized UT design. As discussed in this
section, optimization activities'2%: 122 focussed on component construction, material selection, stabiliza-
tion and calibration, and enhanced signal processing development. However, a reduced FY14 FCRD bud-
get led to this effort being prematurely truncated. With a limited amount of additional funding, it is
estimated that these development and deployment activities could be completed and a prototype would be
ready for deployment in an irradiation test. Proposals have been submitted to allow completion of this UT
development and evaluation activity.
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Figure 5-9. Prior UT in-pile applications in the US.

5.1.4.1. Acoustic Velocity Measurement of Candidate Sensor Materials

As an initial step in the UT system development effort, acoustic velocity characterization tests were
completed in order to reduce the number of candidate materials by comparing temperature response, ease
of fabrication, transmitted signal quality, etc. The tests were also used to evaluate and make appropriate
adjustments to a signal processing technique for UT applications. The steps required to perform these tests
(candidate material selection, test sample fabrication, test setup, and signal processing adaptation) are sum-
marized in this section.

The materials selected for initial evaluations are listed in Table 5-2 with relevant material properties
and envisioned irradiation environments. Candidate sensor materials were selected based on melting tem-
perature, thermal neutron capture cross section, and compatibility with anticipated in-pile test conditions.
For higher temperature applications, such as inert gas-filled tests of oxide fuels, refractory metals are an
obvious choice due to their high melting temperatures. Tungsten and rhenium were not considered (despite
high melting points and previous use in UTs for very short term measurements) due to their high thermal
neutron capture cross sections, as both are known to be prone to decalibration due to transmutation.
Molybdenum and niobium have high melting points and low thermal neutron capture cross sections. Vari-
ations of these materials, KW-molybdenum (e.g., molybdenum doped with small amounts of potassium,
silicon, and tungsten) and niobium-1% zirconium were selected for initial testing. Prior experience with
these materials indicates that they retain ductility better than pure metals after heating. For lower tempera-
ture tests (less than 1000 °C) in liquid metal or liquid sodium bonded metallic fuels, stainless steel and Inc-
onel were selected for cost, corrosion resistance, and ease of fabrication.

Test specimens were isolated from each other in alumina tubes, which were installed in a tube furnace
equipped with an argon purge gas system (note that Figure 5-10 shows a single installed sample, but a total
of six were included in the test). Signals were generated using a commercial pulser/receiver system, and
coils were fabricated in-house. Data were monitored and recorded using a high speed digital oscilloscope.
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Table 5-2. Candidate sensor materials.

: Melting e Neu‘rror.l Identified Irradiation
Material Capture Cross Section, S
Temperature, °C Test Application
Barns
302 Stainless Steel 1510 3.02 o
Liquid Metal Bonded
304 Stainless Steel 1510 3.03 Metallic Fuel
(T<1000 °C)
Inconel 606 1400 4.35
Molybdenum 2620 2.51 )
Inert Gas Filled
KW-Molybdenum 2620 2.51 Ceramic Fuel
o _ _ (T=1000 °C)
Niobium-1%Zirconium 2470 1.14

Temperatures were monitored using a National Institute of Standards and Technology traceable Type-S
thermocouple. Data were collected in 100 °C increments from room temperature to 1300 °C.

Tube Furnace “
Transducer

o
Inert Gas i \‘
|

I k/ | Oscilloscope
- Pulser/Reciever

1 ey Sany
Sensor Segment = e Sy T

[ —
Figure 5-10. Acoustic velocity characterization test setup.

Acoustic velocity was calculated from the delay time between the maxima in the filtered data and the
known length of the sensor segment (after correcting for thermal expansion) using the following equation:

_ 21+ Al) :
c= =0 (5-1)

where:

c is the acoustic velocity,
[ is the initial sensor length at room temperature,
Al is the change in length due to thermal expansion, and

At is the delay time between maxima.

77 INL/EXT-13-30427



Results from the acoustic velocity characterization tests, which are documented in References 130, 131,
and 132 indicate that stainless steel and molybdenum are ideal candidates for the two temperature ranges
considered in the current evaluations.

Figure 5-11 compares measured acoustic velocities of 302 and 304 series stainless steel samples to val-
ues calculated from reference data.!33134 As shown in this figure, calculated velocities based on test data
are somewhat higher than reference values found in the literature (about 5% for temperatures below
800 °C). This difference can be attributed to differences in the manufacturing process used in production
of the wires. However, the trend is appropriate for UT applications. High temperature attenuation
increased signal noise and eventual loss of signal for temperatures above 1100 °C for the 0.254 mm diam-
eter sample and above 1200 °C for the 1.58 mm diameter sample. It was also observed that the increased
signal noise remained after cooling the samples.
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Figure 5-11. Comparison of measured acoustic velocity of stainless steel to calculated reference values.

Figure 5-12 compares measured acoustic velocities for pure molybdenum and KW-molybdenum sam-
ples to values calculated from reference data.!3* 133 The temperature response of the molybdenum samples
is close to values inferred from the literature, except at the highest and lowest test temperatures. Signals for
molybdenum samples did not attenuate significantly over the evaluated temperature range.

Inconel 606 was also a good candidate, but test results indicated that it does not offer any significant
advantages over stainless steel. In addition, sticking, a form of contact bonding between the sensor and its
surroundings that can interfere with and obscure acoustic signals, occurred for Inconel 606 at temperatures
above 1000 °C. Due to difficulty in manufacturing the samples as well as poor temperature response, test-
ing indicated that niobium-1% zirconium was not a good candidate.

In summary, temperature-dependent signal response evaluations indicate that stainless steel is the pre-
ferred probe for temperature measurements below 1000 °C and doped molybdenum is the preferred probe
material for higher temperatures. Inconel 606 is also a good candidate, but does not offer any significant
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Figure 5-12. Comparison of measured acoustic velocity of molybdenum to calculated reference values.

advantages over stainless steel. Due to difficulty in manufacturing the samples as well as poor temperature
response, niobium-1% zirconium is not a good candidate.

5.1.4.2. Damping

Ultrasonic transducers generate acoustic waves in both directions along the wire (both toward and
away from the sensor section of the waveguide). The waves propagating away from the sensor strike the
free end of the waveguide and are reflected back toward the transducer, where they may interfere with the
signals being used for measurement. To eliminate this problem, the free end of an ultrasonic transducer is
damped. This is typically accomplished (in the case of piezoelectric transducers) by compressing a highly
attenuating material against the free side of the transducer crystal. This is not an option with a small wire
waveguide, as the wire end area is too small.

One method used to obscure the undesired free-end echo was to place the end of the magnetostrictive
rod at the center of the driving coil. While this does effectively eliminate the free-end echo, it significantly
reduces the strength of the ultrasonic pulse. This method also does nothing to reduce the interfering effects
of reflections created by the weld between the magnetostrictive rod and the waveguide.

During FY12, a different damping method was developed that allows complete damping of the back
end echo when used with a small waveguide (i.e., 0.254 mm/0.01 inch diameter). For a thin wire wave-
guide, a short section of metallic tubing is filled with an attenuating material and swaged onto the free end
of the waveguide, compressing the damping material (see Figure 5-13). However, this method becomes
significantly less effective as waveguide diameter increases.

For in-pile testing with a stainless steel or Remendur waveguide, most damping materials (i.e. poly-
mers and greases/gels) are not usable. Therefore, crushable oxides and stainless steel wool were selected as
potential damping materials. It was determined that the signal improvement yielded by a swaged damper is
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Figure 5-13. Description of swaged damper.

primarily dependent on two properties; the acoustic impedance mismatch between the damping material
and the waveguide, and the compression of the damper. For a 26% reduction in damper diameter (7.6 mm/
3 inch damper length), complete back-end echo attenuation was observed for dampers constructed with
stainless steel wool or magnesium oxide powder.

5.1.4.3. Transducer Development and Sensor Resolution Impact

The resolution of an ultrasonic system is partially dependent on the operating frequency of its trans-
ducer. Higher frequencies allow detection of smaller physical features (such as reflectors) as well as
greater time resolution of signal features (such as zero crossings). The frequency of a magnetostrictive
transducer is primarily a function of the transducer (i.e. coil or rod) length, with the transducer length
equating to one half of its acoustic wavelength. Increasing frequency necessarily requires decreasing
length. However, decreasing transducer length also decreases signal strength. To overcome this, a new coil
type, capable of higher frequency operation, was developed in FY13. Some additional development is nec-
essary to produce a high frequency transducer capable of operating at high temperatures (200-900 °C). A
patent for the high frequency transducer design is currently being pursued.l

Construction of high temperature magnetostrictive transducers is a multi-step process that involves
several heat treatment steps. First, the coil is formed by wrapping several layers of silver-palladium wire
around an alumina bobbin (Figure 5-14a). The wire is coated in a standoff insulation (a particulate alumina
silica mix with a burnable binder). The insulation requires a heat treatment step prior to high temperature
use, and becomes brittle after heating (Figure 5-14b). After heat treatment, the coil is coated with alumina
cement and heat treated a second time to cure the cement (Figure 5-14c). The coil is then securely placed in
a fixture, and the wire leads are laser welded to a high temperature coaxial cable (one lead to the center
conductor and one to the sheath as shown in Figure 5-14d). As the welds are fragile, the end of the cable
and the coil are coated in another layer of alumina cement and cured. The magnetostrictive wire (previ-
ously welded to the waveguide) is next threaded through the coil. The assembly is then placed into a
pre-fabricated transducer housing and seal welded (possibly after vacuum purging and backfilling with an
inert gas, depending on anticipated service environment; see Figure 5-14e). The transducer housing is
composed of stainless steel; but for high temperature (over 1000 °C) thermometry, a molybdenum wave-
guide housing would be used. The assembled transducer is shown in Figure 5-14e.

This type of magnetostrictive transducer will be tested in an ATR-NSUF ultrasonic transducer irradia-
tion test that will be performed at the MITR in order to assess the survivability of candidate magnetostric-
tive and piezoelectric transducers under irradiation (see Section 5.7.1). As part of the HTTL’s effort to
support this irradiation funded by the ATR NSUF, four magnetostrictive transducers were shipped to MIT
in August 2013 (see Figure 5-15).
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Figure 5-15. HTTL-fabricated magnetostrictive transducers prior to shipment to MIT.

The primary effect of increasing the operating frequency of the transducer is in reducing the required
distance between reflectors on the waveguide. This increases the spatial resolution of the system and
allows for smaller temperature sensor segments (producing a temperature measurement that is less
“blurred” due to averaging over the length of the segment). A goal of this research was to achieve the abil-
ity to distinguish reflectors spaced one centimeter apart or smaller. The bench test configuration shown in
Figure 5-16 was used to compare the performance of transducers operating at different frequencies, and to
evaluate the spatial resolution available with each, with a 0.25 mm waveguide. Copper clips were used to
create reflections with easily varied spacing.
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| o i
Figure 5-16. Test configuration used to test effect of transducer frequency on spatial resolution.

At the beginning of the current effort, the magnetostrictive transducers that were available were lim-
ited to frequencies up to approximately 200 kHz. Figure 5-17a shows a recorded waveform captured using
a 200 kHz transducer and a waveguide with reflectors separated by 2.5 cm. The reflector configuration did
not allow the use of more than two reflectors at this frequency, as the amplitude became too small to
detect.Figure 5-17b shows the signal recorded for a transducer operating at 1.9 MHz with reflectors spaced
0.7 cm apart. The multiple period reflections are due to the need to pulse the tone-burst for several cycles
in order to generate a sufficiently strong signal. Even so, the four reflections are clearly separated. It is
expected that if sufficient energy could be introduced into the transducer over a single tone-burst cycle, the
spacing between reflectors could be reduced even further. The effect of reverberations is less pronounced
for the higher frequency transducer, allowing four reflectors to be clearly distinguished. This appears to be
because the reflection coefficient (the fraction of acoustic energy reflected at each clip) is a function of fre-
quency. The reflected waveforms are more consistent in amplitude than those observed with lower fre-
quency transducers, and the reverberations appear to attenuate more rapidly.

5.1.4.4. Signal Generation and Processing

A signal processing method described by Roberts, et al.,!3” was used during initial acoustic velocity
characterization testing. This method consists of cross-correlating the time series data to a known signal
(typically either the input signal or the expected reflection), then squaring and low pass filtering the corre-
lated data. This method greatly increased the signal-to-noise ratio and simplifies identification of reflec-
tions, even in the presence of significant noise. The input signal used for these tests was a simple square
pulse, and could not be used in the cross-correlation. Two issues were observed with this initial method.
First, the short (80 ns) square pulse is best suited for powering high frequency, voltage based transducers
(such as piezoelectric crystals). The inductive coils used to drive the magnetostrictive transducers require
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Figure 5-17. Comparison of detectable reflections with different frequency transducers.

more time to fully charge and develop a strong magnetic field. The use of the short square pulse results in
a clean, but weak signal that could be overwhelmed by noise in an extreme environment or by excessive
attenuation at high temperatures. The second issue observed is that although the input pulse is very short,
the measured signals are quite long and require a large amount of space between reflectors for sufficient
echo separation. Use of the signal processing method mentioned above results in broad, flat peaks instead
of sharp, easily resolved signals.

The first issue has been resolved by switching the driving signal from a short square pulse to a longer
tone-burst. The tone-burst is a sinusoidal signal several periods in length. This input results in a signal
many times more powerful than the simple square pulse, without making the received signals significantly
more complex (the echo shape is unchanged if the burst length is not overly long). As both the length and
the frequency of the tone-burst can be varied, the signal may be optimized for different sensors and testing
conditions.

The second issue is also partially solved by use of the tone-burst input signal. Although the input sig-
nal has longer duration than the square pulse, the frequency content of the input is narrow. This results in
less ringing of the transducer. This means that the received signals are of similar duration to those observed
with the square pulse, but with greater amplitude. A new signal processing method based on Weiner filter-
ing and auto-regressive spectral extrapolation!3® has been identified that could make further significant
improvements over the previous method adapted from Roberts, et al.}3”

5.1.4.5. Remaining Tasks prior to UT Deployment

Tasks remaining prior to higher temperature UT deployment include furnace testing of a prototype
ultrasonic thermometer constructed with a molybdenum sensor at higher temperatures (up to 2600 °C) or a
stainless steel sensor for lower temperatures (less than 1000 °C) For higher temperature applications, a
method is also needed to eliminate sticking and reduce embrittlement of molybdenum waveguides during
welding of the reflectors; possible options under consideration include employing a variant of the
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KW-doped molybdenum currently used, such as Oxide Dispersion Strengthened (ODS)-molybdenum, or
development of a heat treatment process. Further improvement of a signal processing method will also be
required to enhance spatial resolution and reduce necessary spacing between reflectors. Finally, a proto-
type system will be developed and tested to evaluate the potential accuracy and resolution possible with the
UT system. Although the FY14 NEET program (see Section 5.7.1) will fund some of the signal processing
method improvements, additional funding will be required to replace the last year of FCRD program fund-
ing required to complete evaluations required for UT deployment. Several proposals have been submitted
to request this funding.

5.2. Thermal Conductivity Sensors

Thermal conductivity is a key property needed to characterize fuel or material performance during
irradiation testing. Thermal conductivity is highly dependent on the physical structure, chemical composi-
tion, and the state of the material. Currently, changes in fuel or material thermal conductivity during ATR
irradiations are evaluated out-of-pile. However, as discussed in this section, a new real-time method for
detecting changes in thermal conductivity during irradiation in instrumented lead and loop tests is now
available.

Historically, in-pile thermal conductivity measurements were made using an approach with one (or
more) thermocouples embedded near the center of the fuel rod and one exterior to the fuel (in the coolant
or a structure outside the fuel element). As part of a collaborative effort with Utah State University (USU)
and the IFE/HRP, INL compared the multiple thermocouple steady-state thermal conductivity approach
and the transient hot wire thermal conductivity method (with a single probe containing a line heat source
and thermocouple embedded in the fuel as shown in Figure 5-18b) as candidate in-pile effective thermal
conductivity measurement techniques.'*° through 143 pyaluations compared the accuracy of each approach
for various fuel types and test conditions. Results indicate that the Transient Hot Wire Method Needle
Probe (THWM NP) offers an enhanced method for in-pile detection for thermal conductivity, and the US
DOE has filed a patent on the THWM NP. 144
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Figure 5-18. Setup for evaluating transient hot wire needle probe.

The THWM or line heat source method was first suggested by Schleirmacher.!*> Numerous references
may be found in the literature describing applications of this method to measure the thermal conductivity
of solids, fluids, and gases (e.g., see References 146 through 151). In the THWM approach, thermal con-
ductivity is determined from the temperature rise in the sample when the heat source is energized.!*6 In a

INL/EXT-13-30427 84



solid, this method may be applied by embedding the probe in the material whose thermal conductivity is to
be measured. From a condition of thermal equilibrium, the probe is energized and heats the sample with
constant power. The temperature response of the sample is a function of its thermal properties, and the
thermal conductivity is calculated from the temperature rise detected in the sample. Following a brief tran-
sient period, a plot of temperature versus the natural logarithm of time becomes linear, as shown in
Figure 5-19 (linear region of the time period between times, 7, and ¢;, and temperatures, 7, and T;). The
slope of the linear region is used to calculate the test material thermal conductivity.
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Figure 5-19. Semi-log temperature rise plot for transient hot wire methods.

THWM NPs were designed and fabricated by INL for room temperature proof-of-concept evaluations
and high temperature testing. Using the setup shown in Fig. 5-18a, the needle probe was demonstrated to
work very well for materials with thermal conductivity ranging from 0.2 to 16 W/m-K with measurement
errors of less than 5%, delivering thermal conductivity measurements with a high degree of accuracy and
consistency (see Figure 5-20). Test results indicate that special considerations are needed for high thermal
conductivity sample materials and for smaller diameter samples. Methods were explored to reduce the
challenges associated with such samples, primarily techniques that could reduce signal noise and allow
better characterization of the probe response time. In addition, results from long term evaluations indicate
that the INL-developed THWM NP for in-pile detection of thermal conductivity is a robust sensor that
could survive in the harsh environments associated with in-pile fuel testing.
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Figure 5-20. THWM NP test results for various power levels for (a) fused silica and (b) Inconel Alloy 625.
Insights gained from these evaluations have been used to develop probes for several organizations.

During FY'11, a prototype needle probe (see Figure 5-21a) was fabricated and shipped to MIT for a MITR
irradiation with high thermal conductivity, hydride fuel, with peak temperatures less than 700 °C. During
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FY13, INL fabricated and shipped a THWM NP to CEA for a low temperature fuel thermal conductivity
measurements in a hot cell containing a furnace with peak temperatures less than 400 °C (see Figure
5-21b); and in FY 14, INL will fabricate and ship a THWM NP to IFE/HRP for measuring thermal conduc-
tivity of ceramic fuel during a HBWR irradiation with peak temperatures less than 1300 °C (see Figure
5-21c). Materials and geometries for each THWM NP are optimized for the test materials and conditions.
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Figure 5-21. THWM NPs completed for (a) MITR and (b) CEA and under development for (b) IFE/HRP.

5.3. Elongation/Deformation/Creep/Swelling

New materials are being considered for fuel, cladding, and structures in next-generation and existing
nuclear reactors. Such materials can experience significant dimensional and physical changes during irra-
diation. Currently, such changes are measured at the ATR by repeatedly irradiating a specimen for a speci-
fied period of time and then removing it from the reactor for evaluation. The labor and time to remove,
examine, and return irradiated samples for each measurement makes this approach very expensive. In addi-
tion, such techniques provide limited data and handling may disturb the phenomena of interest. Commer-
cially-available LVDTs are being evaluated as a near-term option for detecting geometry changes in-pile
during ATR irradiations; thereby eliminating the problems associated with the current “cook and look™
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approach. In addition, ultrasonics and fiber optic technologies are being explored as options that can mea-
sure geometry changes with higher precision in multiple dimensions at higher temperatures.

5.3.1. LVDT-based Elongation

Earlier references!3>133 report using miniature strain gauges encased in zircaloy sheaths welded on the

cladding in the circumferential and axial directions to detect dimensional changes. These references indi-
cate that strain gauge measurements were unstable due to high sensitivities of the gauges to temperature
and neutron fluence. Today, most MTRs rely on LVDTs (see Section 3.3) to detect dimensional changes
during irradiation; and many of the LVDTs in use today are made by the IFE/HRP. As discussed in
Section 3.3, operating experience has shown that these sensors are a robust, frictionless, high resolution
instrument for detecting dimensional changes in lower-temperature, irradiation environments. However,
some IFE/HRP LVDTS suffer from Curie temperature effects near 360 °C, the temperature that corre-
sponds to the Curie point for the nickel used in the LVDT windings. More recent HTTL evaluations of
LVDTs using alternate coil materials, completed in collaboration with IFE/HRP, have led to an LVDT
without Curie temperature limitations for detecting dimensional changes during irradiation testing.

Initially, nuclear-grade LVDTs from US and foreign sources were evaluated as candidates for in-pile
deployment. INL efforts, which included calibration evaluations and long duration, high temperature test-
ing, clearly indicated the superiority of LVDTs supplied by the IFE/HRP (see Figure 5-22a). However,
evaluations indicated that Curie temperature effects, due to the nickel contained in the LVDT coil material,
have the potential to affect accuracy near 360 °C. Consequently, use of these LVDTs could yield inaccu-
rate data depending on the in-core position of the sensor and the corresponding gamma heating levels. For
that reason, INL. worked with IFE/HRP to develop and evaluate enhanced LVDTs with an alternate coil
material that is not susceptible to the Curie effect. Calibration and long term high temperature testing of
these enhanced LVDTs, which was performed by INL, demonstrate that the enhanced LVDTs can operate
in a very stable manner for long periods (1000 h) at high temperatures (500 °C). As shown in Figure 5-22b,
the degradation of the original LVDTSs was not observed in the enhanced LVDTs provided by IFE/HRP.
Hence, these enhanced LVDTs are recommended for use in ATR high temperature irradiation tests.
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Figure 5-22. Long duration (1000 hour) test at 500 °C results: (a) LVDTs originally provided by nuclear
grade vendors (IFE/HRP LVDTs designated with “A”); and (b) enhanced IFE/HRP LVDTs.
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5.3.2. Initial LVDT/bellows-based Creep and Tensile Test Rigs

As discussed in Section 3, several organizations (e.g., VIT, INL, KAERI, and CEA) have been
involved in developing and deploying in-pile tensile test rigs to detect growth of tensile and creep speci-
mens using a bellows to apply a load to a specimen and LVDTs to detect growth of the specimen. During
2013, the FCRD program funded INL to complete efforts to develop two types of in-pile creep test rigs for
deployment in an ATR PWR loop: an enhanced creep test rig and a variable load creep test.

5.3.2.1. Enhanced Creep Test Rig

Design. As discussed in References 154 through 162, the enhanced creep test rig design shown in Figure
5-23 represents a refinement of the original creep test rig shown in Figure 5-24. As indicated in both fig-
ures, major components include a tensile specimen, a bellows, an LVDT, and the fixturing needed to con-
nect these components within a supporting frame. (In a pressurized water environment [i.e., an autoclave
or a PWR test loop], external water pressures tend to collapse the bellows producing a tensile load on the
specimen.) IFE/HRP provided the LVDT and welded the LVDT, bellows, and the associated connecting
fixturing in both test rigs using e-beam welding techniques.
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Figure 5-23. Enhanced creep test rig.

The primary refinements embodied in the enhanced creep test rig (relative to the original creep test
rig), and the factors motivating those modifications, include changes in the:

* LVDT - Coil wires are made from a silver alloy rather than a copper-nickel alloy to eliminate
Curie-point temperature instabilities associated with earlier versions of the IFE/HRP LVDT (see
Reference 157).
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VDT

Figure 5-24. Original creep test rig positioned in autoclave for testing.

¢ Connecting Fixturing - Specimen to fixture interfaces were designed to minimize potential mating
mismatch while promoting easier assembly/disassembly. In addition, the lower adaptor was fitted
with a hex nut to allow pre-loading sufficient to minimize the effects of compliance issues.

* Frame - The mass of stainless steel was reduced to minimize gamma heating. The frame was also
re-designed to ensure compatibility with the ATR test holder for PWR Loop 2A (see Figure 5-25).

Figure 5-25. Enhanced creep test rig (holder, three-dimensional model and schematic).

Key components in the enhanced test rig design are listed in Table 5-3. Note that an aged Inconel 718
bellows was selected because of its higher strength, although the bellows may be fabricated from other
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materials (e.g., Inconel 625, Inconel X-750, or stainless steel). Additional information regarding the

enhanced creep test rig can be found in References 158 through 162.

Table 5-3. Summary description of components used in enhanced creep test rig.

Component Manufacturer Model Number Material
Bellows Mini-Flex 1718-320-110-790, Rev: -- C Inconel 718, aged
LVDT IFE/HRP Type 5 Inconel 600; Core - AISI 403;
Coils - Silver Alloy (Alloy 406;
Alcal Type E Insulation)
Connecting IFE/HRP NA Inconel 600
Fixturing
Tensile Specimen INL NA 304 stainless steel and copper

Characterization. Characterization was needed to determine the bellows spring rate and effective area.
These bellows characteristics must be known to quantify the load applied to any given specimen. Based on
the configuration shown in Figure 5-26a, the specimen load (Fy) is given by

F, = APAg—kzAL (5-2)
where
AP = (differential pressure (P, rnai — Pinternai ) acting on the bellows effective area,
Ap = bellows effective area,
kg = bellows spring rate,
AL = displacement of the bellows (and the specimen) as detected by the LVDT.

Because the setup shown in Figure 5-26a has no means for internally pressurizing the bellows,
P and AP~ P

external » Pmrernm‘ ’ external -

If the spring rate and effective area have been characterized, the specimen load can be readily deter-
mined as a function of pressure and displacement measurements. Spring rate and effective area character-
ization required use of a specialized fixture as shown in Figure 5-27.

The bellows spring rate was determined through a series of bench top measurements where the probe
assembly was constrained by one end of the fixture so that the bellows could be collapsed by incrementally
tightening the Allen bolt into threads in the opposite end of the fixture. (Note that the adaptor mating with
the Allen bolt is not threaded so the Allen bolt simply pushed the adaptor toward the bellows with each
rotation.) As the Allen bolt was tightened, an ever increasing force was registered by the (calibrated) load
cell consistent with the bellows spring rate and displacement. Displacement of the bellows was periodi-
cally measured during incremental bolt tightening, using a depth micrometer and/or by converting the rev-
olutions of the Allen bolt into an equivalent linear movement based on the bolt pitch. The depth
micrometer was clamped in line with the fixture and the micrometer was simply advanced to touch the
head of the hex bolt each time the bolt was tightened as indicated in Figure 5-28. Relative to
Equation (5-2), AP was effectively zero; and (F) was registered through the load cell while AL was
measured. That allowed direct calculation of the bellows spring rate (k) based on the measured values.
Results from this effort are provided in Table 5-4. (Note that all bench top measurements were completed
at room temperature with the assumption that the spring rate is temperature independent.)
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(a) (b)
Figure 5-26. Test configuration with an equivalent specimen load diagram for (a) enhanced creep test rig
and (b) variable load creep test rig.

Bellows characterization fixture
Load cell power supply/meter

Figure 5-27. Bellows characterization test setup.

Representative data from one test (Test 1) are provided in Figure 5-29. Additional data may be found
in Reference 158. From these tests, the average bellows spring rate was found to be 151 N/mm. This result
can be compared with the manufacturer’s nominal specification of 138 to 175 N/mm. The variation in the
manufacturer’s specification primarily depends on the nature of the bellows heat treatment. Although the
bellows was heat treated, specifics of that heat treatment are unknown so any value within the specified
range (i.e., 151 N/mm) is reasonable.
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Figure 5-28. Depth micrometer configuration (without clamps) for measuring the bellows spring rate.

Table 5-4. Results from bellows spring rate measurements.

Test D esc1‘ip11:on . Measurement Method Spring Rate (N/mm)"
(relative to calibration) micrometer bolt rotation
1 before micrometer / bolt rotation 154 150
2 before micrometer / bolt rotation 186 168
3 before micrometer / bolt rotation 149 154
4 after micrometer 150

a. From a best-fit linear approximation of the measured data.
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Figure 5-29. Bellows spring rates based on micrometer and rotational measurements in Test 1.

The bellows effective area was determined through a series of measurements in an argon atmosphere
in an autoclave using a configuration very similar to that shown in Figure 5-27. In this case, however, the
fixture and a threaded bolt adaptor were used to eliminate all movement of the bellows. As autoclave pres-
sures were increased, the (constrained) bellows imparted an ever increasing force in the (calibrated) load

cell.
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The effective area characterization process consisted of incrementally increasing the autoclave pres-
sure and recording that pressure along with the associated load cell output. Relative to Equation (5-2), it
should be clear that AL was held at zero while () was registered through the load cell and AP was mea-
sured. That allowed direct calculation of the bellows effective area (A4 ) based on the measured values.
Results from this effort (data are provided in Reference 161) indicate that the bellows average effective
area s 76.0 mm?. Relative to the manufacturer’s nominal reported area of 79.4 mm?‘, this measured dis-
crepancy (of ~4%) is believed to be within normal manufacturing tolerances.

Calibration. As discussed in Reference 162, the LVDT bellows assembly was calibrated at room temper-
ature and at 150, 250, and 350 °C, which covers the range of temperatures expected during deployment in
the ATR Loop 2A. This calibration provides the means to relate any measured LVDT output voltage to a
corresponding displacement. Although IFE/HRP provided calibration as part of their LVDT delivery
agreement with INL, their calibration could differ from INL data primarily due to potential differences in
signal conditioning electronics. INL calibration was therefore required.

Bench top and autoclave calibrations at room temperature were completed. Bench top measurements
(at room temperature) provided a way to check results that were subsequently obtained through (room tem-
perature) autoclave testing. That way, a degree of confidence was achieved relative to the validity of all
autoclave testing, which was deemed the best method to obtain higher temperature calibration results.

The bench top setup was essentially identical to Figure 5-28. The addition of the LVDT to the end of
the probe assembly was the only difference relative to the figure. With the LVDT in place, each advance-
ment of the Allen bolt (which was measured with the depth micrometer) was accompanied by a change in
the LVDT output voltage. The bench top calibration process consisted of incrementally tightening the
Allen bolt, recording the LVDT output voltage, and measuring the associated displacement.

Autoclave testing was considerably more complex than bench top testing because of difficulties mea-
suring displacement inside the autoclave. Those difficulties were addressed through the design and fabrica-
tion of a specialized fixture with positive mechanical stops to accurately define a displacement.
Components in that fixture are shown in Figure 5-30, and the (semi-)assembled fixture is shown in
Figure 5-31.

Travel blocks<~| ' Upper and lower spring plates

Tralgel block slots—
f—— .

Travel limiting recess ——{ j«——
- _—

LVDTJ Travel -/ €
(with leads) adapter

Wave

Probe assembly Extender— Retaining nut spring

Figure 5-30. Autoclave calibration fixture components.
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Figure 5-31. Assembled autoclave calibration fixture.

The specialized autoclave calibration fixture was assembled with the retaining nut tightened just
enough to (slightly) stretch the bellows and pull the top of the travel limiting recess (in the travel adapter)
into contact with the travel blocks. That provides the initial position of the LVDT for all autoclave testing.
As the pressure is increased during each test, the bellows contracts, which collapses the wave spring and
allows movement of the travel adapter. At some autoclave pressure, bellows contraction is sufficient for
the bottom of the traveling limit recess to contact the travel blocks, which defines the final LVDT position
for all autoclave testing. (Note that the travel limit is the difference between the travel limit recess of
7.34 mm and the travel block height of 5.08 mm for a total of 2.26 mm, which is within the bellows maxi-
mum travel limit of 3.7 mm.)

All autoclave calibration testing was conducted in a pressurized argon environment where autoclave
heaters were used to achieve the desired temperature for each test. This was a practical way to complete the
calibration as a function of temperature.

Calibration test results at room temperature and at 150, 250, and 350 °C are listed in Table 5-5. As
indicated in the table, room temperature tests were conducted on the bench top and in an autoclave. Results
from Test 1 are shown in Figure 5-32, which are typical of the room temperature bench top data. Corre-
sponding room temperature autoclave results are provided in Figure 5-33.

As indicated in Figure 5-32, the LVDT output voltage and the associated displacement were collected
as the Allen bolt was incrementally tightened (yielding a total of 9 data points in this case). In confrast,
autoclave data shown in Figure 5-33 were limited to just 2 points; one where the travel adapter was pulled
downward (with the retaining nut) to contact the top of the travel blocks and one where bellows compres-
sion (due to autoclave pressurization) pulled the travel adapter upward to contact the bottom of the travel
blocks. Regardless of these differences in the method for data collection, the room temperature results
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Table 5-5. Calibration results.

Test Description Temperature (°C) Sensitivity (mV/mm)
1 bench top room 1687
2 bench top room 1678
) autoclave room 1694
4 autoclave 150 1719
5 autoclave 250 1749
6 autoclave 350 1767
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Figure 5-32. Bench top calibration results from Test 1 (at room temperature).
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Figure 5-33. Autoclave calibration results from Test 3 (at room temperature).

were found to be consistent. Hence, it was concluded that the specialized autoclave fixture can be used to
accurately collect calibration data inside the autoclave.
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Averaging all room temperature calibration data yields a value of 1686 mV/mm. It is worth noting that
averaging appears to be justified because differences in the measured calibration values do not translate to
any appreciable travel discrepancy. Specifically, the maximum discrepancy for bellows travel across all
room temperature data is (at most) 0.035 mm.

In addition to room temperature calibration data, measurements were also completed at 150, 250, and
350 °C as indicated in Table 5-5. This provides the means to relate any measured LVDT output voltage to
a corresponding displacement over the range of temperatures anticipated in ATR deployment. These mea-
surements can be compared to IFE/HRP calibration data as shown in Figure 5-34. Although the general
trends in the data sets are very similar, there is clearly a shift (or an offset bias) between the data sets. All
reason(s) behind this shift are unknown; however, differences between INL and IFE/HRP LVDT signal
conditioning electronics have been identified as the major contributor.
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Figure 5-34. Comparison of calibration results from IFE/HRP and INL.

Summary. In summary, an enhanced creep test rig has been designed, characterized, and calibrated. The
rig is ready for future use to measure specimen elongation in real time during irradiation testing in ATR
Loop 2A. Once it is deployed in the ATR, data from this test rig will be evaluated to assess its performance
and refine the design (if appropriate) to develop standard LVDT-based test rig designs for irradiation test-
ing in ATR and other NSUF facilities.

5.3.2.2. Variable Load Creep Test Rig

During FY12, efforts were initiated to develop a conceptual design for a more complex creep test rig
for deployment in US MTRs with the ability to apply a variable load to a specimen. Like the enhanced
creep test rig (Section 5.3.2.1), this design will allow testing in reactor coolant at PWR conditions.
Although the design was influenced by a creep test rig that the VTT developed and tested in the
BR2,163:164 the INL-developed variable load design is less complicated and simpler to operate. Additional
details related to the development and evaluation of this INL creep test rig design is documented in Refer-
ences 165.

Design. The variable load creep test rig consists of two major components: the LVDT assembly and the
LVDT fixture. The LVDT assembly includes the LVDT (manufactured by IFE/HRP) and the probe assem-
bly (manufactured by INL). The LVDT body is made of Inconel 600 with silver alloy wire used in the con-
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struction of the coils. The probe assembly, as shown in Figure 5-36, consists of an LVDT core inside a
housing, a bellows, and connecting hardware. Most of the probe assembly was made from Inconel 600
with the exception of the core (Type 5 provided by IFE/HRP) and the bellows (Inconel 718 provided by
Miniflex Corporation). The housing with connecting hardware provides the mechanism to connect move-
ment of a specimen to movement of the LVDT core as the bellows contracts (or expands). All components
of the variable load creep test rig were designed to be interchangeable with the enhanced creep test rig.
Hence, all testing and calibration was conducted using the original hardware designed for the enhanced

creep test rig. The variable load creep test rig is shown in Figure 5-36.

Figure 5-35.

0 27234 {
d =
P !
0 :::
=
qu ' Uppar adaptar
o| | ||
\Qq;{ &?& Washer ——=
Dimensionsin mm Hex nut S

Figure 5-36. Variable lobe creep test rig (laser welding was used to attach the core to the upper adaptor,
the bellows to the upper adaptor and end plug and the pressurization tube to the end plug).

The LVDT fixture includes a frame and associated hardware to connect the LVDT assembly to a creep
specimen. The fixture is designed to constrain the LVDT assembly and one end of the specimen so that
bellows contraction will place the specimen in tension.
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Characterization. The bellows spring rate and effective area were characterized so that the load applied to
a specimen can be quantified. This subsection describes the characterization process. Based on the config-
uration shown in Figure 5-26b, the specimen load (F) is given by Equation (5-2). However, unlike the
enhanced creep test rig case (Section 5.3.2.1), P,,;.rma 18 DOt assumed to be negligible for variable creep
test rig evaluations. Once the spring rate and effective area have been characterized, the specimen load can
be readily determined as a function of pressure and displacement measurements using Equation (5-2).

Spring rate and effective area characterization required use of a specialized characterization fixture,
which consisted of the components shown in Figure 5-37. The spring rate and the effective area were
determined with this fixture, using an appropriate bolt adaptor. Both bolt adaptors have an internal thread
on one end to mate with the load cell. However, the opposite ends of the bolt adaptors differ. Specifically,
the bolt adaptor used to determine the spring rate has a cup large enough to allow the Allen bolt to freely
slide inside, while the adaptor used to determine the effective area has an internal thread to mate with the
Allen bolt. Note that the probe assembly is threaded into the LVDT to complete the LVDT assembly
shown in Figures 5-35 and 5-36.

Probe assembly Allen wrench
- (for rate only)

Allen bolt

e, Probe adaptor Bolt adapter

/ .
' 4 y

N
For rateonly  For area only

Figure 5-37. Components of the characterization fixture.

The bellows spring rate was determined through a series of bench top measurements using the fixture
configuration shown in Figure 5-27 (components of the variable load creep test rig were designed to be
interchangeable with the enhanced creep test rig, so test fixturing could be used for both designs). In this
case, the probe assembly was constrained by one end of the frame so that the bellows could be collapsed by
incrementally tightening the Allen bolt into threads in the opposite end of the frame. Note that the adaptor
mating with the Allen bolt is not threaded (as previously explained) so the bolt simply pushed that adaptor
toward the bellows with each rotation. As the Allen bolt was tightened, an ever increasing force was regis-
tered by the (calibrated) load cell consistent with the bellows spring rate and displacement. Displacement
of the bellows was periodically measured during incremental bolt tightening, using a depth micrometer.
The depth micrometer was clamped in line with the spring rate fixture and the micrometer was simply
advanced to touch the head of the hex bolt each time the bolt was tightened as indicated in Figure 5-28.
The spring rate characterization process consisted of incrementally tightening the Allen bolt, recording the
load cell output, and measuring the associated displacement. That process was repeated until the total dis-
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placement of the bellows reached ~2.5 to ~3 mm. (Displacement of 2.5 to 3 mm was sufficient to exercise
the bulk of the bellows allowable travel without pressing the travel limit of 3.7 mm.) Relative to
Equation (5-2), AP was effectively zero and (F) was registered through the load cell while AL was mea-
sured. That allowed direct calculation of the bellows spring rate (kz) based on the measured values. All
bench top measurements were completed at room temperature with the assumption that the spring rate is
temperature independent. Results from these tests' indicate that the average bellows spring rate is 137 N/
mm. This result compares well with the manufacturer’s reported nominal spring rate of 138 N/mm for bel-

lows that have not been age hardened.

The bellows effective area was determined through a series of measurements in an argon atmosphere
in an autoclave using a configuration very similar to that shown in Figure 5-28. In this case, however, the
frame and the threaded bolt adaptor (see Figure 5-37) were used to eliminate all movement of the bellows.
As autoclave pressures were increased, the (constrained) bellows imparted an ever increasing force in the
(calibrated) load cell. Internal pressure in the bellows was varied during testing to verify proper design per-
formance. The effective area characterization process consisted of incrementally increasing or decreasing
internal and external pressures while recording pressures along with the associated load cell output. The
expansion of the bellows could result in plastic deformation, thus the internal pressure was never allowed
to exceed the external pressure. A load limit of 1050 N was observed during testing (the load cell has a
limit of ~1100 N.) Relative to Equation (5-2), AL was held at zero while (F) was registered through the
load cell, and both external and internal pressures were measured. That allowed direct calculation of the
bellows effective area (4, ) based on the measured values. Results from this effort'®> indicate that the bel-
lows average effective area was 78.3 mm?. Relative to the manufacturer’s reported area of 79.4 mm?, this
measured discrepancy (of ~1%) is believed to be well within normal manufacturing tolerances.

Calibration. The LVDT bellows assembly must be calibrated over the range of temperatures that could be
expected during deployment in the ATR Loop 2A. This required calibration provides the means to relate
any measured LVDT output voltage to a corresponding displacement. Because internal pressure in the bel-
lows assembly was not required, the internal pressure line was capped during calibration. Calibration was
completed at room temperature and at 150, 250, and 350 °C. This temperature range is expected to ade-
quately cover operating conditions of interest during ATR deployment. Bench top and autoclave calibra-
tions at room temperature were completed. Bench top measurements (at room temperature) provided a way
to check results that were subsequently obtained through (room temperature) autoclave testing. That way, a
degree of confidence was achieved relative to the validity of all autoclave testing, which was the only prac-
tical method to obtain higher temperature calibration results. Complete details associated with this calibra-
tion effort are documented in Reference 165.

Because calibration was completed on the bench top as well as in an autoclave, bench top and auto-
clave setups were required. The bench top setup was essentially identical to the setup shown in
Figure 5-30. The addition of the LVDT to the end of the probe assembly was the only difference. With the
LVDT in place, each advancement of the Allen bolt (which was measured with the depth micrometer) was
accompanied by a change in the LVDT output voltage. The bench top calibration process consisted of
incrementally tightening the Allen bolt, recording the LVDT output voltage, and measuring the associated
displacement. That process was repeated until the total displacement approached ~2.5 mm (which is within
the bellows travel limit of 3.7 mm).

Autoclave testing was considerably more complex than bench top testing because of difficulties in
measuring displacement inside the autoclave. Those difficulties were addressed through the design and
fabrication of a specialized fixture with positive mechanical stops to accurately define a displacement.
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Components in that fixture are shown in Figure 5-30. The assembled fixture is shown in Figure 5-31. The
calibration fixture is assembled by first threading the probe assembly into the LVDT. The travel adapter is
then threaded onto the bottom of the probe assembly, and the extender is threaded onto the bottom of the
travel adapter. Those assembled components are then lowered inside the frame to a point where the flange
on the probe assembly rests on a shoulder internal to the frame. The frame shoulder is positioned so that
the top of the travel limiting recess (in the travel adapter) is just slightly above the travel block slots in the
frame. After the travel blocks are inserted in the travel block slots, the spring and spring plates are stacked
on the bottom of the frame and secured with the retaining and lock nut (see Figure 5-31).

At this point, the retaining nut can be tightened (and secured with a lock nut) just enough to (slightly)
stretch the bellows and pull the top of the travel limiting recess (in the travel adapter) into contact with the
travel blocks. That provides the initial position of the LVDT for all autoclave testing. As the pressure is
increased during each test, the bellows contracts, which collapses the wave spring and allows movement of
the travel adapter. At some autoclave pressure, bellows contraction is sufficient for the bottom of the trav-
eling limit recess to contact the travel blocks, which defines the final LVDT position for all autoclave test-
ing. The travel limit is the difference between the travel limit recess of 7.34 mm and the travel block height
of 5.08 mm for a total of 2.26 mm, which is within the bellows limit of 3.7 mm.

All autoclave calibration testing was conducted in a pressurized argon or nifrogen environment where
autoclave heaters were used to achieve the desired temperature for each test. This was deemed to be the
most practical way to complete the calibration as a function of temperature. Calibration tests were com-
pleted at room temperature and at 150, 250, and 350 °C. Comparisons between room temperature tests
conducted on the bench top and in an autoclave indicate that data were consistent, yielding a value of
1672 mV/mm. Results from measurements completed at 150, 250, and 350 °C allows any measured LVDT
output voltage to be correlated to a corresponding displacement over the range of temperatures anticipated.

Summary. The variable load creep test rig characterization and calibration activities have been completed.
Specifically, the bellows was characterized, indicating a spring rate of 138 N/mm and an effective area of
78.3 mm. LVDT sensitivity data were obtained that span the range from cold start up conditions to those
conditions typical of an operating PWR loop. Hence, the variable load creep test rig is ready for future use
in ATR Loop 2A.

5.3.2.3. Diameter Gauge Test Rig

As discussed in Section 3.3.5, the IFE/HRP currently uses a gauge for measurement of diameter during
fuel irradiations to assess cladding creep, fuel pellet-cladding mechanical interaction, fuel creep / relax-
ation, and the accumulation of fuel rod crud deposits. In FY 14, the HTTL received a three year LDRD to
evaluate an IFE/HRP diameter gauge (and develop, as needed, any enhancements required for deployment
in the ATR. HTTL staff are currently working with IFE/HRP staff to procure a diameter gauge and associ-
ated testing equipment (e.g., electronics, test rig, etc.) for evaluation at the HTTL.

5.3.3. Ultrasonics

Although LVDTs have been successfully deployed at other test reactors and are being investigated for
ATR applications, ultrasonics offer the potential for a more compact, higher temperature, more accurate,
and multi-dimensional real-time sensor for detecting geometry changes during irradiation. However, the
use of ultrasonic techniques as an in-pile sensor is challenging because most ultrasound sensors rely on
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piezoelectric transducer materials. First, typical in-pile operating conditions (350°C) are well above the
Curie temperature of piezoelectric transducer materials that are often used for out-of-pile ultrasonic inspec-
tions,'%¢ and the transducer will stop functioning. Second, piezoelectric transducers are typically not suit-
able for radiation exposure. Although new piezoelectric materials are under investigation, radiation has
been shown to damage and degrade the performance of currently proposed piezoelectric transducer materi-
als,167-168 Finally, conventional piezoelectric transducers often contain elements, such as lead, lithium,
and gold, that transmute into toxic substances. Magnetostrictive transducers have been successfully
deployed for short duration, lower frequency in-pile applications, such as ultrasonic thermometry (see Sec-
tion 5.1.4). The use of magnetostrictive transducers in combination with guided wave options has the
potential overcome the limitations of the piezoelectric transducers for in-pile measurement of geometry
changes. However, irradiation data from a test, such as the test that will be conducted at the MITR (see
Section 5.7.1) are needed to demonstrate the viability of using a magnetostrictive transducer or some new
materials proposed for piezoelectric transducers.

As part of recently completed three-year INL. LDRD, a feasibility study was completed to evaluate the
potential to use ultrasound-based methods for in-pile measurement of geometry changes in creep speci-
mens during irradiation testing. In this project, laboratory evaluations were completed at INL and at the
Pennsylvania State University (PSU) to optimize components required for using ultrasonic techniques for
in-pile elongation measurement. Key components of an in-pile setup initially investigated (see Figure
5-38a) include a magnetostrictive transducer (e.g., a driver coil with magnetostrictive core), a Remendur
guide, a coupling between the Remendur guide and a long stainless steel wave guide that allowed the trans-
ducer to be located outside of the reactor, and a creep specimen with an acoustic horn to optimize the sig-
nal. Laboratory evaluations identified several options that would eliminate unwanted reflections in this
initial setup, such as (1) significant reductions in the length of the stainless steel waveguide, (2) elimination
of brass coupling between Remendur and stainless steel waveguides, (3) replacement of the acoustic horn
on the creep specimen with an acoustically-clean “button,” (4) optimization of the magnetostrictive trans-
ducers, and (5) elimination of acoustic reflections from the end of the Remendur waveguide. The “buttons”
that were found to be superior to acoustic horns were similar to conventional butt-end shoulders used in
tensile testing, except the buttons were designed to slide onto the specimen. Attachment methods were
developed to ensure that the buttons could impart the desired tensile load and be easily attached without
concerns about perfect specimen-to-button alignment. As illustrated in Figure 5-38(Db), these buttons were
found to be very effective at eliminating unwanted reflections, especially when implemented in conjunc-
tion with other enhancements identified in this effort.

Although it was demonstrated that acoustic signals can be transmitted through the very long (~9 m)
stainless steel waveguide under carefully controlled laboratory conditions, a number of potential issues
were identified that raised concerns about use of this waveguide in any MTR irradiation test. Specifically,
unwanted acoustic reflections can occur due to inadvertent contact with surrounding structures along the
waveguide length, attenuation of the signal as a function of waveguide length is unavoidable, and the task
of routing the waveguide from the core to a point outside the vessel without interference with other reactor
components and test train structures would be difficult. Laboratory testing confirmed that unwanted acous-
tic reflections can completely mask the reflections that are needed to determine specimen elongation. In
addition to acoustic reflections associated with inadvertent contact, generation of unwanted reflections by
small bends. nicks, and other minor imperfections in the waveguide was also observed. For those reasons,
efforts focussed on developing a design that could minimize the stainless steel waveguide length used for
irradiation testing in MTRs.
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Figure 5-38. Representative system components and typical pulse/echo results using (a) initial concept
with an acoustic horn and (b) enhanced concept with buttons.

Hence, laboratory testing was conducted with stainless steel waveguides ~1 m long, or less. This
length was deemed sufficient to allow positioning of the creep specimen inside the ATR core and position-
ing of the magnetostrictive transducer above the core. In addition, an ex-core position of the transducer
(where the radiation dose is substantially lower than in-core positions) may be needed given the current
uncertainty with respect to the irradiation resistance of magnetostrictive transducers. Further reductions in
the stainless steel waveguide length may be possible depending on results from an upcoming ATR NSUF
irradiation test of magnetostrictive and piezoelectric transducers (see Section 5.7.1). However, bench top
laboratory testing was completed using stainless steel waveguides limited to 1 m in length in the fixture
shown in Figure 5-39. (Note that a 0.062 in OD stainless steel rod was used as both the specimen and the
waveguide in this figure.)

As previously indicated, this effort focussed on optimizing the test rig design by eliminating unwanted
acoustic reflections that adversely affect the accuracy of this method, such as reflections from the brass
coupling proposed in the design shown in Figure 5-38a. A number of direct stainless steel to Remendur
joining techniques were therefore investigated in an effort to eliminate the coupling. Success was achieved
using a tungsten inert gas butt welding process. The resulting joint was found to be durable and very close
to ultrasonically transparent, which eliminated the need for the brass coupling.

Laboratory evaluations also indicated that multiple reflections were generated in the acoustic horn. As
shown in Figure 5-38a, those reflections make it difficult to accurately determine Time-Of-Flight (TOF) in
the gauge length and any elongation. This difficulty arises from the fact that there is no accurate way to
identify any characteristic point within reflected waves (i.e., characteristic points such as peak values, zero
crossings, or even the onset of refections cannot be identified without considerable uncertainty).
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Figure 5-39. Benchtop fixture for laboratory testing of elongation detection using ultrasonic techniques.

Buttons were found to be an improvement over the acoustic horn. The buttons were similar to conven-
tional butt-end shoulders used in tensile testing, except the buttons were designed to slide onto the speci-
men instead of being a machined part of the specimen. Laboratory testing revealed that a button design
with conical recess machined into the button was a superior replacement for the horn because it did not
promote unwanted acoustic reflections (see Figure 5-38b). In addition, this button design proved to have
sufficient strength to impart the desired tensile load and be attached without rigorous measures to ensure
perfect specimen-to-button alignment.

Efforts also were made to improve and optimize the design of the magnetostrictive transducer.
Although the initial concept relied on a single transducer for sending and receiving ultrasonic pulses, the
use of separate transducers for sending and receiving was evaluated. The motivation for these efforts stem
from the fact that sending and receiving ultrasonic pulses tends to have conflicting requirements. Specifi-
cally, a low impedance transducer is desirable when sending an ultrasonic pulse while a high impedance
transducer is desirable when receiving an ultrasonic pulse. A low impedance transducer, typically con-
structed using a relatively large diameter wire to form a coil with a relatively small number of turns, allows
relatively high current flow (for a given voltage). High current flow is needed to generate a large magnetic
field, which, in turn, produces a large magnetostrictive effect in the Remendur resulting in transmission of
a strong acoustic pulse into the waveguide. On the other hand, a high impedance transducer, typically con-
structed using a relatively small diameter wire to form a coil with a relatively large number of turns, is best
for transforming a magnetic field (associated with reflection of an acoustic pulse) into a relatively high

voltage output signal.

Laboratory testing also indicated that significant reductions in unwanted reflections (i.e., noise) may
be achieved using a pitch/catch mode (which requires separate send/receive transducers) as opposed to a
pulse/echo mode (which relies on a single transducer for sending/receiving ultrasonic pulses). However, in
a conventional pitch/catch configuration, the sending transducer and the receiving transducer are normally
separated by the specimen being evaluated. In the case of ATR irradiation testing, that would mean that
one of the transducers would normally be positioned in-core near the end of the specimen gauge length.
However, as previously discussed, the irradiation resistance of magnetostrictive transducers remains
unknown until completion of the ATR NSUF test program described in Section 5.7. This prompted a fur-
ther refinement of the test concept, which places send and receive transducers next to each other in an
ex-core position. The receiving transducer thereby detects acoustic reflections (from the buttons used to
impart the specimen tensile load) instead of detecting acoustic transmission (through those buttons). The
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fact that reflections are detected improves resolution and accuracy (compared to conventional pitch/catch
arrangements) because TOF is effectively doubled.

Laboratory evaluations also indicated that coil length can negatively extend the pulse width. Wider
pulses (and corresponding increases in the reflected pulses) tends to reduce the accuracy of TOF measure-
ments from point to point. For that reason, efforts were made to produce transducers with the shortest
length physically possible. Send and receive coils consistent with that objective are shown in Figure 5-40.

Sending coil \

N

Receiving coil

Figure 5-40. Coils developed and evaluated for use in sending and receiving transducers.

Finally, efforts were made to minimize acoustic reflections from the end of the Remendur. This was
necessary because these reflections interfere with the waveforms needed to correctly interpret specimen
response (like all other unwanted reflections). Although a wide variety of different damping mechanisms
may conceivably work, a very simple approach was adopted for use during laboratory evaluations. Specif-
ically, a long length of Remendur wire was welded to the stainless steel waveguide. The Remendur length
was sufficient to ensure that acoustic reflections from the end of the Remendur will not arrive at the trans-
ducers until a time well past arrival of specimen acoustic reflections. In other words, TOF associated with
the long Remendur wire eliminates interference by separating the Remendur reflections from the specimen
reflections of interest. While this approach was perfectly acceptable for laboratory evaluations, a more
compact solution may be preferable for irradiation testing in MTRs.

Significant progress was made with LDRD funding to examine the viability of using ultrasonic tech-
niques for the in-pile measurement of elongation due to creep. Laboratory evaluations resulted in enhanced
designs for components that could be used for these in-pile measurements. However, several activities are
still required to enable in-pile deployment of ultrasonic techniques for elongation measurement. Those
activities include development of a pressure and water resistant case for magnetostrictive transducers, lab-
oratory temperature/pressure testing of magnetostrictive transducers, monitoring results from the ATR
NSUF irradiation testing of magnetostrictive and piezoelectric transducers, further elimination of acoustic
reflections (including development of a more compact solution for handling Remendur reflections), and
finalization of a creep test rig design. It is currently planned to defer further exploration of this method
until irradiation tests described in Section 5.7.1 are completed.
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5.3.4. Fiber Optic Elongation Measurements

The FCRD funded the first three years of a four year effort to develop and deploy an optical fiber sen-
sor for the measurement of fuel rod elongation. The sensing method for this sensor is based on the Extrin-
sic Fabry-Perot Interferometer (EFPI) using a low coherence white light source. In order for any fiber optic
technique to be deployed in-pile, the following parameters of the sensing technique and probe must be
determined or developed:

* The accuracy of the proposed approach must meet objectives (e.g., selecting appropriate system com-
ponents to obtain measurement with desired accuracy),

* A probe design that can be deployed in a MTR instrumented lead capsule must be developed, and

* The life expectancy requirements under irradiations at proposed test conditions.

During the first two years of this effort, efforts were initiated to gain insights about the first two param-
eters. The technique was demonstrated in the lab, and the accuracy and limitations of the sensing method-
ology were evaluated. Laboratory evaluations were also completed to develop and test an optimized sealed
probe and to conduct initial high temperature testing in a furnace. Reductions in DOE’s allocation to the
FCRD program in FY 14 led to this effort being prematurely truncated. However, proposals have been sub-
mitted to allow this effort to be completed.

5.3.4.1. Laboratory Evaluations to Assess Accuracy

Initial laboratory investigations extended the concept presented by the CEA/SCK*CEN Joint Labora-
tory (see Section 3.2.1).%% In this technique, the distance between the end of an optical fiber and a reflect-
ing surface is determined using the interference of the light reflected from the end of the fiber, “R1,” and
that reflected from surface on the opposite side of the cavity space, “R2,” as shown in Figure 5-41.

Optical Reflective
surface

Cavity
space

Figure 5-41. Cavity space measurement using EFPL
The interference of these two beams produces a fringe pattern when viewed using a spectrometer,

which displays the returning light intensity versus wavelength. The length of the cavity space can then be
determined from the wavelength of two adjacent fringe peaks by using the following equation!”®

S Mk

T 2(h—1y) (5-3)

where:
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d is the cavity length, and
A; and A, are the wavelengths of adjacent fringe peaks.

Laboratory testing was completed to gain experience using this technique. The technique was imple-
mented by introducing broadband light into an optical fiber. The light in the fiber passed through a 50/50
fiber splitter in which 50% of the light continued to the probe at the end of the fiber. The probe contained a
variable cavity space as previously outlined. Reflected probe light returned through the fiber to the beam
splitter which delivers 50% of this returning light to the spectrometer as shown in Figure 5-42. A grating in
the spectrometer separates the returning light into a spectrum of the wavelengths of light present. The
interference creates a modulation of the spectrum intensity as described above.

Light source

Optical fibers

50/50 beam Probe
coupler/splitter

Spectrometer

11-GAS0001-26-2

Figure 5-42. Experiment configuration for EFPI technique evaluation.

These evaluations included testing multiple light sources and fiber core sizes. It was determined that a
broadband halogen light source was both cost effective and provided a wide usable light spectrum. Multi-
mode fibers with small core sizes (50 um) produced better results than larger core (200 pm) fibers. It was
also determined that for maximum fringe modulation, the light intensity reflected from the fiber tip should
be equal to the light intensity from the reflector (R1 and R2 in Figure 5-41). This was accomplished by
either using a polished fiber for the reflector or by applying a partial reflective coating to the fiber tip and
using polished metal for the reflector. The equipment used for the final technique evaluations and testing
included: an Ocean Optics halogen light source (HL.-2000-FHSA), an Ocean Optics model QE65000 spec-
trometer, and a Thor Labs model FCMMS50-50A-FC 50/50 fiber optic splitter. The ability to measure elon-
gation was evaluated using a Newport VP-25X stage with a Newport ESP301 driver for control and
position readout. This setup is shown in Figure 5-43.

Initial technique evaluations used an optical fiber for delivery and a quartz window for the reflector.
The resulting fringe modulation using the halogen light source is shown in Figure 5-44, and the cavity
spacing versus the stage readout is shown in Table 5-6.

Minor differences in the absolute cavity length calculated from the fringes versus the readout from the
stage controller were attributed to the inability to zero the stage exactly where the cavity length was zero.
However, the change in cavity space versus the change in stage position from point to point were in very
good agreement (typically less than 0.3 pm). It should be noted that a simple routine of graphically picking
fringe peak wavelengths and calculating an average cavity space using Equation (5-3) was used. In future
evaluations, a more sophisticated analysis for determining the fringe spacing will be employed to enhance
accuracies.
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Figure 5-43. Laboratory setup for initial evaluation of fiber optic in-pile elongation detection.
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Figure 5-44. Spectra showing EFPI fringe modulation at several cavity lengths.

5.3.4.2. Probe Design and Fabrication

Once the technique was successfully demonstrated, work on conceptual probe designs was begun. An
initial probe was fabricated using stainless steel hypodermic tubing. In this design, the optical fiber was
bonded inside of a short length of stainless steel tube, and the reflecting side of the cavity was fabricated by
bonding a short length of larger core optical fiber into a small piece of the same stainless steel tubing. The
fiber ends were polished and inserted into a larger diameter sleeve such that the space between the tips cre-
ated the measurement cavity. The sleeve served to maintain axial alignment between the fibers as the cav-
ity space was changed. A schematic of the probe design is shown in Figure 5-45.
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Table 5-6. Comparison of measured cavity length versus length inferred from fringe spacing.

VP-25X Stage Position | Cavity Based on Measured Change in Measured Difference Between Change in Stage
(um) Fringe Spacing Cavity (um) Position and Measured Cavity (um)

0 0.73 - -

1 1.63 0.901 0.10
2 2.64 1.010 -0.01
3 3.55 0.911 0.09
4 4.55 0.995 0.00
5 5.54 0.991 0.01
7 7.45 1.917 0.08
10 10.46 3.009 -0.01
15 15.45 4.988 0.01
20 20.59 5.141 -0.14
25 25.61 5.023 -0.02
30 30.55 4.934 0.07
35 35.48 4.933 0.07
40 40.70 5.219 -0.22
45 45.57 4.871 0.13
50 50.77 5.196 -0.20
60 60.82 10.057 -0.06
70 70.73 9.904 0.10
80 80.75 10.017 -0.02
90 90.78 10.035 -0.03
100 101.06 10.277 -0.28
125 126.06 25.002 0.00

Cavity space
Fiber core Tube Optical fiber
v K A A
NN N N\

/A

Sleeve

Reflective surface

Figure 5-45. Elongation probe concept using hypodermic tubing.

11-GA50001-26-3

Evaluations of this concept probe yielded promising results. In FY 12, efforts were focused on develop-
ing a sealed probe that could be deployed in an irradiation test. A probe design was developed that was
functionally similar to the concept probe, but incorporated a bellows, which would provide isolation from
the environment and allow expansion of the probe. A cross-section of the probe design is shown in

Figure 5-46.
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Figure 5-46. Elongation probe cross section.

A number of obstacles were resolved in fabricating this probe. Bonding of the optical fiber in the stain-
less steel hypodermic tubing presented problems as initial attempts at stripping the fiber coating and bond-
ing in the tube resulted in fracture of the fiber at moderate temperatures. It was found that gold coated
fiber, which can withstand temperatures of 700 °C, could be bonded inside the hypodermic tube using
Cotronics Resbond 907TS Green threadlocker without fiber fracture at elevated temperatures. Another
issue was developing the ability to assemble and weld the small probe components. The smallest readily
available stainless steel bellows was a MiniFlex Corporation Model SS-125-46-168. An adapter was
developed which could be welded to the bellows on one end and the hypodermic tubing on the other end.
Welding of these components was accomplished using a laser welding system. A photo of the completed
sensor is shown in Figure 5-47.
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Initial testing of the probe revealed an increasing discrepancy between the readings from the stage and
the probe. However, it was determined the discrepancy was due to flexing of the support posts. A more
substantial test fixture was fabricated, and the probe was retested. For the first test, the probe was clamped
in position, and the stage was first zeroed and then moved from 0 pm to 150 pm in increments from 1 to
10 um. This test yielded very good results with the discrepancy between the stage position reading and the
probe being generally less than 0.3 pm up to a 90 pm displacement. The increased error observed with dis-
placements greater than 100 pm was primarily due to difficulty reading the fringe pattern. Repeatability
was then evaluated by randomly moving the stage between 3 and 92 um. Position readings from both the
stage and probe were plotted, and a linear fit performed. The data and linear fit are shown in Figure 5-48a.
The linear fit slope was 1.0037, which is close to a perfect match of 1.00; and the intercept was 0.50 pm.
The intercept is simply a measure of how close the stage zero was to the probe zero. The average differ-
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ence between probe measurements and the stage readings (adjusted for the zero offset) was less than
0.2 pm.
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Figure 5-48. Elongation probe data: a) Standard probe, b) Probe with partial reflective coating.

Probe design and testing continued in FY13. A probe incorporating a partial reflective coating on the
fiber tip and a polished metal reflector was fabricated. The partial reflective coating was applied by Cas-
cade Optical Corporation and was designed to reflect 25% of incident light compared to a 4% reflection
from the bare fiber tip. This design is substantially more light efficient with approximately 14% of the total
input light returning to the spectrometer compared to less than 2% for the uncoated design. The improved
light efficiency was born out in testing as the source light had to be attenuated to prevent saturation of the
spectrometer. Results from the testing revealed improved signal to noise allowing accurate displacement
measurements out to 130 pm as shown in Figure 5-48b. This design also results in a simplified sensor as
the bonding of a silica reflector in a metal tube is eliminated as are possible reflections from the back of the
reflector. However, the survivability of the partial reflective coating for use in elevated temperature and
radiation conditions must be verified.

High temperature testing of the probe design using a tube furnace (see Figure 5-49a) was initiated in
FY13. For these initial tests, clamps were used to attach the probe to an aluminum rod as shown in Figure
5-49b. The sensor incorporating a partial reflective coating was first tested. This sensor performed well to
over 150 °C, at which point the fringe modulation decreased to below the noise level. It was later deter-
mined that the partial reflective coating was the limiting factor. Future evaluations should explore com-
mercially-available higher temperature coatings. A sensor without the coating was also tested in the tube
furnace. This sensor survived temperatures of over 350 °C, but low signal to noise ratios decreased the
accuracy of readings above 200 °C.

Hence, initial high temperature furnace testing and other investigations revealed improvements neces-
sary for a more reliable sensor. Alignment of the fiber and reflector are paramount for improved signal to
noise.The fiber tip face must also be flat and perpendicular to the axis of the fiber. A revised sensor design
was developed which allows the use of commercially-available Lucent Connector (LC) type ferrules and
sleeves to improve alignment. High temperature fibers bonded in the L.C ferrules can be procured through
vendors with the equipment required to produce these components to industry standards. The improved
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Figure 5-49. FY13 Fiber optic elongation probe design and evaluations efforts - a) High temperature tube
furnace testing, b) probe clamped to aluminum rod, c) revised probe design.

design also incorporates threaded ends to simplify sensor attachment. A schematic of the improved sensor
design is shown in Figure 5-49c.

5.3.4.3. Elongation Sensor Technique Sensitivity

Evaluation of the EFPI technique and testing of an elongation probe based on this method have led to a
better understanding of the sensitivity and cavity length range of this technique. On a closer inspection of
Equation (5-3) and observation of the recorded spectrum, it can be seen that the fringe spacing is wide for
a small cavity length and narrow for a longer cavity length. Consequently, as the cavity length increases
the sensitivity decreases. It has been shown that the radiation induced attenuation of optical fibers is the
lowest in the near IR wavelength, particularly in the range from about 800 to 1300 nm.>8 If the probe were
designed to operate in this window and two fringe peaks were required within this range to determine
fringe spacing, the minimum detectable cavity space would be approximately 1.5 pm. The maximum
detectable cavity space is based on the resolution of the spectrometer. As the cavity space increases and the
fringe peaks get closer together, the ability to resolve individual peaks becomes the limiting factor. The
Ocean Optics QE65000 used in these tests had a resolution of about 0.8 nm which resulted in a maximum
measurable cavity space of about 125 um. Testing of the initial probe revealed high precision for measure-
ments between approximately 3 and 100 pm and the sensor incorporating a partial reflective coated tip and
metal reflector extended this range out to around 130 pm. Measurement errors increased above this range.
Some improvements for longer displacements may be possible by using a spectrometer which is sensitive
to longer wavelengths than the QE65000.

5.3.4.4. Summary and Future Work

Work on the elongation probe has lead to a number of observations about the technique which are
summarized below:

*  The technique is viable and has demonstrated an accuracy on the order of 0.3 pm.

*  Small core, low numerical aperture fibers tend to work better.
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Return light from the reflections at the end of the fiber and the mirrored surface should be approx-
imately the same intensity for good fringe modulation depth. If a polished stainless steel surface is
used opposite the fiber end face, the fiber end face should be coated with a roughly 25% reflective
coating for best results.

The fiber face should be polished flat and alignment of the fiber axis perpendicular to the reflective
surface must be maintained.

The sensitivity of the probe is a function of the spectrometer resolution and the fringe modulation
depth.

The minimum detectable cavity space is based on the bandwidth of the light source and “transmis-
sion window” of the irradiated optical fiber. The best transmission range for irradiated optical
fibers extends from approximately 800 nm to 1300 nm.

The approximate measurement range of a probe based on this technique is 1.5 to 125 pm (based on
the fiber transmission window and a spectrometer resolution of 0.8 nm).

Evaluations have demonstrated the viability of a fiber optic elongation sensor based on the EFPI technique.
A probe has been fabricated and tested and an invention disclosure record (IDR) was filed related to its
design.!”! However, continued development will be required to produce an in-pile service ready sensor.

The following list outlines the status of activities required to bring the desired sensor to fruition:

Optimization of probe design parameters - During FY12, an elongation probe was fabricated and
tested. Many improvements were made over the initial concept probe. Optimization continued dur-
ing FY13 with testing of fibers with lower numerical apertures and fibers with partial reflective
coatings used in conjunction with stainless steel reflectors. Methods of improving alignment were
also implemented. Optimization will continue throughout the development process.

Fabrication Capabilities - INL capabilities were sufficient for fabrication of the initial elongation
probes. Commercial vendors have now been engaged for improved sensor tip fabrication. Addi-
tional commercial processes may be used for the final sensors.

Radiation Resistance - Work to date has been conducted using standard commercially available
fibers and components. Radiation resistant fibers and fiber to tube bonding materials/methods
need to be incorporated into the design. A broadband light source operating in the 800 to 1300 nm
range also needs to be identified or developed. As discussed in Section 5.7.2, results from an irra-
diation test are required before this probe can be deployed.

Signal Analysis Software - During the current evaluation phase of sensor development, the signal
from the probe is displayed as a modulated wavelength spectrum on the screen of a personal com-
puter (PC). This is not convenient for an operator. Automated signal analysis software will be
developed so that cavity length or elongation can be provided directly to the user.

Final Design & Testing - Once the probe has been optimized, it will still need to be attached to the
sample and incorporated into a test capsule. This final design configuration will then be tested in a
simulated reactor environment prior to deployment.

Although development efforts were planned to enable deployment of this probe by FY'14, development has
been indefinitely delayed due to FCRD funding limitations. In addition, deployment will be delayed until
completion of the irradiation test discussed in Section 5.7.2.
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5.4. Direct Current Potential Drop (DCPD)

A key component in evaluating the ability of LWRs to operate beyond 60 years is characterizing the
degradation of materials exposed to radiation and various water chemistries. Of particular concern is the
response of reactor materials to Irradiation Assisted Stress Corrosion Cracking (IASCC). Crack initiation
and growth of samples irradiated in instrumented lead and PWR loop tests in the ATR are evaluated
out-of-pile. However, crack-growth rates in core structural component materials irradiated in MTRs out-
side the US, such as the HBWR in Norway, are monitored in-pile using miniaturized CT specimens and the
DCPD method. As discussed in Section 3.3.6, the DCPD method is based on sending a precisely controlled
electrical current through the specimen and measuring the drop in voltage at several locations on the
CT-specimen. The measured voltage changes as a function of crack growth. Thus, the crack-length can be
determined from the measured voltages. IFE/HRP has applied this technology to detect the impact of cool-
ant parameters (pH, impurities, boron concentration, etc.) on fuel cladding corrosion. In addition, IFE/HRP
can also perform such measurements on pre-irradiated fuel removed from commercial reactors.

The major aspects of choosing a crack growth measurement technique are: specimen geometry, load-
ing mode (active or passive) and crack length measurement technique. Crack length measurement by the
DCPD technique is very well established and has become a de facto standard for in-core measurements. It
is applicable to most specimen geometries, although specimen extensions are often used to provide ade-
quate space to connect current leads and voltage probes. As discussed in Section 3.3.6, this method has
been applied in several research and test reactors. In addition, this technique has been applied in-core and
in recirculation piping autoclaves of commercial BWRs. Some out-of-core measurements have used AC
potential drop, but there do not appear to be significant advantages for this technique. Another method fre-
quently applied in out-of-core tests is to measure “crack tip opening displacement” (COD) using a strain
gauge. However, this is a very delicate procedure requiring elements that are not readily adaptable to
in-core environments.

Figure 5-50 shows the essential features of the in-pile hardware used at HBWR. A loading mechanism
is used to stress the crack in a CT specimen. The mechanism utilizes a miniature high pressure bellows,
which expands to apply the force required to propagate the crack. The CT specimens are fabricated with
“ears” above the loading holes to provide locations for current and voltage connections. During 2012, an
INL-funded LDRD was initiated to adapt the DCDP method used at the HBWR so that it can be deployed
in high flux MTRs in the US, such as INL's ATR.

As part of a three year LDRD, INL has teamed with MIT-Nuclear Reactor Laboratory (MIT-NRL)
experiment designers to develop the hardware and techniques required to monitor crack growth in a speci-
men during irradiation. During the first year (FY13) of this three year project, a loading mechanism was
designed, fabricated, and tested. Techniques for attaching leads to the specimens were developed, and ini-
tial steps for implementing standard DCPD method to the unique specimen geometry and testing environ-
ment were completed. Various aspects about each of these tasks are summarized below. Additional details
are documented in Reference 172.

5.4.1. Loading Mechanism Design and Testing

During FY'13, two specimen loading mechanisms were constructed. INL first constructed an initial
prototype from stainless steel. Techniques were developed for making laser welds between the miniature
bellows and the end fittings used to transfer the loads. Then, using the INL design as a starting point, the
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Figure 5-50. DCDP loading mechanisms and connections.

Massachusetts Institute of Technology (MIT) experiment design group completed a full three dimensional
finite elements analysis to identify requirements for an enhanced mechanism. Based on the results of their
analysis, the MIT mechanism was made from aircraft grade titanium. Use of titanium material had three
advantages: 1) lower induced radioactivity after irradiation, 2) higher strength, and 3) essentially immune
to corrosion. The operating force for both mechanisms is generated by pressurizing a miniature bellows as
shown in Figure 5-50.

Bench top testing was completed on the INL stainless steel and MIT titanium versions to verify that
the load applied to the specimen could be accurately predicted for various pressures supplied to the bel-
lows. In these tests, each mechanism was attached to a pre-calibrated force gage, which took the place of
the specimen, as shown in Figure 5-51.

Pressurizing tube

Specimen connection pins

Titanium loader provided by MIT

13 WHTE-104

Figure 5-51. Titanium loader connected to force gage for bench top testing.

Although the two loaders had different mechanical advantages (fulcrum positions) and different elastic
moduli, the test results (shown in Figure 5-52) demonstrate that the force applied to the specimen pins for
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a given pressure was very predictable and repeatable, while the pressure was ramped up or held constant.
As the pressure increased, the deviation between calculated and measured force was less than 4%. How-

ever, considerable hysteresis was evident as pressure decreased (maximum deviations of ~25% were
observed).

SST Prototype Loader (2.4:1 pin position) “[ MIT Titanium Loader (2.5:1 pin position)
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Figure 5-52. Force applied to specimen versus pressure (a) stainless steel loader, and (b) titanium loader.

Shown on the right side of Figures 5-52a and 5-52b are data points taken at 11 MPa after each mecha-
nism was exposed to one pressure cycle. For both the stainless steel and titanium loaders, resulting forces
at these points matched the calculated force within 2% and were virtually identical to the forces obtained
during the increasing pressure portion of the cycle. This is important because the bellows pressure will be

cycled periodically; and it is expected that the peak force achieved at the end of each pressure rise will be
relatively hysteresis free.

5.4.2. Specimen Design and Fabrication

Figure 5-53 shows the overall dimensions for the specimen designed to work with the loading mecha-
nism. The lower part of the specimen is essentially a one-quarter scale CT designed in accordance with
ASTM E399, Fig. A4.1.173 The upper part of the specimen consists of integral “ears” extending some dis-
tance above the holes for the loading pins. These ears provide locations to connect voltage and current
leads. INL has also developed techniques for attaching leads to the specimens that will survive in a radia-
tion environment with high water velocities flowing over the specimens. IFE/HRP experience indicates
that the electrical connections needed in such an environment must be extremely robust. During FY13,
INL developed and fabricated CT specimens as shown in Figure 5-53. Electrical leads attached to the spec-
imen ears consist of co-axial, single conductor mineral insulated cable. This mineral insulated cable is laser
welded to an intermediate boss, and the boss is resistance welded to the specimen ears. This method was
developed under the assumption that future experimenters may want to perform in pile crack growth tests
on previously irradiated material, and a method adaptable to remote hot cell work was needed. For such an
application, the laser welds to the voltage and current leads; and the bosses would be made outside the hot
cell, and then the resistance welds of the bosses to the specimen ears would be made inside a hot cell.

The leads for both the current and voltage connections, which consist of co-axial mineral insulated
cable, were fabricated with the conductor welded to the tip of the sheath. This was done because of the dif-
ficulty of bringing the conductor out of the sheath, keeping it insulated from the sheath, and keeping water
under high pressure from entering and soaking the mineral insulation within the insulation. This sealing
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Figure 5-53. Specimen geometry and with leads dry fit attachments.

problem is even more critical because of the extremely high radiation environment of a high power test
reactor. However, with the conductors welded to their respective sheaths, provisions must be made to
ensure that useful signals can be obtained from the voltage leads. This is done by grounding the sheaths of
both the current and voltage leads to a grounding plate about 20 cm away. The leads must not be allowed to
touch each other, or other metal until the connection to the grounding plate is made.

The resistance of the Inconel 600 sheaths over this 20 cm distance is about 0.5 Q. This resistance is
about 300 - 500 times the resistance of the specimen itself, and this large difference ensures the success of
this approach. As shown in Figure 5-54, because of the connections to the grounding plate, stray currents
leak off through both the sheaths of the current and voltage leads; but these stray currents represent less
than <0.5% of the total current passing through the specimen, and thus alter the potential read across the
specimen by a similar fraction.

5.4.3. In-Pile Implementation of DCPD Method

The key aspect of this project is the ability to measure crack growth in situ using the reversed DCPD
technique, which has been shown to provide accurate and reliable measurements in LWR environments.
For this technique, a DC source supplies a stable current to the specimen, which is reversed periodically
through solid state relays to correct for thermoelectric effects. The potential drop resulting from crack
extension in the specimen is measured by a nanovolt meter that averages hundreds or thousands of individ-
ual readings. Data acquisition, data averaging, current reversal and the relationship between the measured
potential and crack length are controlled by dedicated software. Due to the requirement related to the load-
ing jig design and insertion in a loop of a reactor, the usual CT specimen geometry, the traditional location
of the current and potential leads for the DCPD technique, and the nature of such leads, were not appropri-
ate for this project. As discussed in Section 5.4.2, a modified specimen design that can accommodate the
required probes and lead fabrication techniques have been developed (see Figure 5-53). However, typical
software packages developed for the DCPD method cannot be used, and new mathematical relationships
must be developed for these specimens.

To assure the quality of the potential drop readings it is necessary to control current path. This is par-
tially achieved by electrically isolating the specimen from the loading mechanism with zirconia sleeves.
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Figure 5-54. Electrical circuit illustrating the effect of grounding current and voltage leads

Assuring the electrical insulation of the current and potential leads, which connect the specimen to the data
acquisition system located outside of the core of the reactor, is more challenging than in a normal DCPD
set up. As discussed above, grounded mineral insulated cables were used, and bench top testing confirmed
that grounding the outer sheath of the cables to a plate near the specimen has little effect on the measure-
ment of potential drop. This has the advantage of allowing the use of such cables through the length of the
reactor without worrying about uncontrolled temporary grounding that would affect the measurements.

Last, the relationship between the measured potential and crack length was established for this particu-
lar set up. This relationship was obtained by growing a fatigue crack in the specimen while the DCPD sys-
tem was measuring potential changes as a crack propagated. Four fatigue steps were applied, with changes
in loading ratio to create distinctive marks on the fracture surface that allowed measuring the actual crack
length and matching it with the potential drop measured. Finally the specimen was fractured by fatigue.
Results have been implemented into specialized software that is being ‘calibrated” for this setup.

5.5. Flux and Fluence

Typically, ATR tests use flux wires and post-irradiation evaluations to detect the total fluence to which
the fuel or sample was exposed. However, as noted in Section 3, MTRs in Norway, France, the Nether-
lands, Japan, Belgian, and the Republic of Korea routinely incorporate SPNDs during irradiation tests to
gain real-time knowledge of the fission reaction rate. In recent years, French and Belgium test reactors
have also incorporated specialized fission chambers to provide users real-time data related to neutron flux
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(see Section 3).

Several efforts are underway to enhance ATR flux and fluence measurements. As discussed in this sec-
tion, new in-house capabilities have been developed for encapsulating wires for post-irradiation fluence
measurements. In addition, an ATR NSUF project, led by the Idaho State University (ISU) with INL and
CEA as collaborators, evaluated new real-time state-of-the-art in-pile flux detection sensors at the ATRC.
Finally, efforts are underway to design and deploy a new small compact sensor that can simultaneously
measure fast and thermal flux and temperature. More detailed descriptions of each type of sensor and asso-
ciated test rigs developed for these evaluations at ATRC are provided in this section.

5.5.1. Activation Wires and Foils for ATRC Evaluation

Test hardware with typical activation wires and foils used for activation spectrometry and flux profil-
ing in the ATRC is shown in Figure 5-55. Various materials with different neutron sensitivities as func-
tions of neutron energy were used. During initial evaluations, six different sets of activation foil
measurements were performed in the ATRC NW and SE Flux Traps at the axial core mid-plane to deter-
mine detailed neutron spectral information at these locations for reactor physics code benchmarking pur-
poses. Detailed measurements of the core flux distribution were also performed, using standard ATRC flux
'wands' in selected fuel elements.

Cadmium cover
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Figure 5-55. ATRC test hardware and activation foils.

Activation wires and foils for these evaluations are listed in Table 5-7, grouped by the range of neutron
energies to which each set of foils is sensitive. Some foils were placed inside standard cadmium-foil covers
or boron-10 spectral modification shields to enhance their response in the epithermal and fast-neutron
ranges. Further experimental setup details related to these activation foils are found in References 178 and
179.
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Table 5-7. Flux wires and foils evaluated in ISU/INL/CEA ATRC evaluations.
Detector Characteristics of Interest
Flux Wires Material
U235-Aluminum
Copper-1.55 Gold
Flux Foils Material Encapsulation Method
Thermal-neutron Detection Gold (100%) None
Manganese- Copper (80% / 20% wt)
Epithermal-neutron Detection Indium (> 99%) Cadmium (>99%) Covers
Gold (> 99%)
Tungsten (>99%)
Cobalt (>99%)
Manganese-Copper (80%/20%)
Copper (>99%)
Scandium (>99%)
Fast-neutron Detection Niobium (>99%) Boron Sphere (>99%)
Rhodium (>99%)
Indium (>99%)
Titanium (>99%)
Zinc (>99%)
Nickel (>99%)
Iron (>99%)
Copper (>99%)

The foils were activated in the ATRC northwest Large In-Pile Tube (NW LIPT) flux trap, the largest
irradiation facility in the ATRC. In addition, the southeast Standard In-Pile Tube (SE SIPT) was used for
activation measurements using hardware shown in Figure 5-56. Standardization of flux data from separate
reactor runs was accomplished using measured activation of standard copper/gold (1.55 wt% gold) flux
wires at specific locations in and around the NW flux trap.

} To tark sudace

Figure 5-56. Activation detector apparatus for the ATRC SE SIPT.
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ATRC flux wire evaluations were completed for balanced critical shim positions at 600 watts. Twenty
minute ATRC reactor runs, each at a power in the range of 120 watts average power per lobe (600 watts
total core power), were required to complete a set of activation measurements. After irradiation, all foils
and wires were transferred to the collocated at the INL Radiation Measurements Laboratory for detailed
radiation counting to obtain the data required for final analysis. Results from this effort are documented in
Reference 178.

5.5.2. Vanadium Capsules for Encapsulation of Flux Wires for ATR Applications

In response to ATR NSUF experimenter needs, the HTTL developed in-house encapsulation processes
using vanadium capsules for iron flux wire monitors. Although a range of geometries are possible, the flux
monitor capsules were constructed to fit within a 7.6 mm length and 1.7 mm diameter envelope. Special-
ized equipment available at the HTTL is used to fabricate and inspect these vanadium capsules. Capsules
are constructed from vanadium tubing and rod material. Using a laser welder, the iron wires are encapsu-
lated in the vanadium tubes in an inert atmosphere, typically helium or argon, to avoid oxidation or corro-
sion issues while under irradiation in ATR experiments. In addition, the capsules are appropriately
identified and numbered using a laser marker (see Figure 5-57). A radiograph of a vanadium capsule with
iron wire is shown in Figure 5-57. X-ray inspection is used during development to optimize the laser weld-
ing parameters and to measure critical dimensions such as wall thickness, iron wire placement, and laser
weld penetration. These vanadium encapsulation processes are also used to encapsulate melt wires (Sec-
tion 5.1.1) or other components as ATR experimental needs arise.
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Figure 5-57. INL-encapsulated iron flux wires with radiograph for EPRI irradiation.

5.5.3. Real-time Flux Detectors for ATRC Evaluations

As indicated in Table 5-8, several types of real-time detectors were identified for the ISU/INL/CEA
ATR NSUF effort and follow-on ATR NSUF ATRC evaluations. During FY'13, this project compared the
accuracy, response time, and long duration performance of several real-time flux sensors (see Figure 5-58),
including CEA-developed miniature fission chambers, specialized SPNDs developed by the Argentinean
National Energy Commission (CNEA), and specially-developed commercial SPNDs. 173 through 177 1) 5 ;-
tion, FY14 ATR NSUF funding will be used to evaluate real-time flux detector response and accuracy
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using back-to-back (BTB) fission chambers! developed by ANL for the Zero Power Physics Reactor

(ZPPR) programs.

Table 5-8. Real time flux detectors evaluated in ISU/INL/CEA ATRC evaluations.

U-234: 0.0003%

Detector Characteristics of Interest
SPNDs Emitter Lead Wires Insulation Sheath (Collector)
Hafnium (commercial) Hafninm (minimum Inconel 600 AlyO3 (99.65%) Inconel 600
Response: Fast 97.5% with up to 2.5%
Sensitivity: 4.7e-21 A/nv Zirconium)
Gadolinium: Gadolinium (99.7%) Inconel 600 Al,04 (99.65%) Inconel 600
Response: Fast
Sensitivity: 5.0e-22A/nv
Rhodium (CNEA) Rhodium Copper Acrylic SS-304
Response: Delayed
Sensitivity: ~le-21 A/nv
CEA Miniature Fission Fissile Deposit Anode/Fill Gas Cathode/Fill Gas Extension Cable
Chambers
Miniature Thermal-fission [Deposit on anode: SS304L (impurities of [SS347(impurities of Sheath: SS304L
Chamber [U-235: 98.500% Cobalt 0.02%) Cobalt 0.2%) Insulation: SiO,
[U-234: 0.063% Fill Gas: Fill Gas: (>99.5%)
[U-236: 0.038% Argon+ 4% Nitrogen [Argont+ 4% Nitrogen |Wires: Copper
[U-238: 1.409% (impurities of
Zirconium 0.19%)
Shield: Copper
Miniature Fast-fission Deposit on cathode: SS316L Material: SS316L Sheath: PVC
Chamber U-238: 99.9640% ID: 6.3 mm Insulation: polyethylene
[U-235: 0.0354% Fill Gas: Argon OD: 8 mm (PE)

Length: 33.5 mm

Fill Gas: Argon

Wires: copper clad steel
(ccs)

5.5.3.1. SPNDs

SPNDs have been used effectively as in-core flux monitors for decades in commercial nuclear power
reactors and MTRs world-wide. SPNDs rely on interactions of neutrons and atomic nuclei to produce a
measurable current which is proportional to the neutron flux. Compared to other in-core detectors, they
feature several advantages:

*  Power supply not required

*  Simple and robust structure

* Relatively small physical size

*  Good stability at elevated temperature and pressure

*  Generate reproducible linear signals

* Low bumn-up rate (dependent on emitter material).

However, there are also some disadvantages associated with SPNDs:

* Limited operating range due to relatively low neutron sensitivity.

*  Limited to thermal flux detection.

1. BTB fission chambers are often called 2x fission chambers because they are designed to count almost all fission frag-
ments emitting from a thin deposit in a 2x solid angle.
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Figure 5-58. Representative real-time flux sensors evaluated at ATRC facility.

*  Require background noise compensation (for some emiftters).

* Delayed signal response (for some emitters).

A typical SPND consists of a coaxial cable containing an inner electrode (the emitter) surrounded by
insulation and an outer electrode (the collector). In an “integral SPND,” the lead cable and detector are
mated directly to each other; the insulation of both sections are identical; and the collector of the detector
section is also the outer sheath of the lead cable section, as shown in Figure 5-58a. Modular SPND assem-
blies are made from separate detector and lead cable sections. Typically, SPND characteristics of interest
include size, material compatibility at high temperatures, sensitivity, response time, and burn-up rate.
Characteristics of SPNDs evaluated in the ISU/INL/CEA ATR NSUF project are listed in Table 5-8.

5.5.3.2. Miniature Fission Chambers

Fission chambers (see Figure 5-58b), which are ion chambers with a fissionable material deposit on the
inner wall, offer another method for real-time flux measurement. The fission fragments provide a very
large pulse from the neutron-induced reaction and can be used in either pulse or direct-current mode. Nor-
mally highly-enriched 233U is used for the coating, which makes the chamber sensitive to thermal neu-
trons. However, other deposits, such as 238U, 242Pu, or 232T]:l, can be used to make the chamber sensitive to
fast neutrons.

Characteristics of the miniature fission chambers included in these ATRC evaluations are listed in
Table 5-8. Miniature fission chambers are used in pulse mode. Uranium coating masses were chosen in
order to provide a high fission rate in ATRC flux (from 10 to 10° cps).
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5.5.3.3. Real Time Flux Detector Testing at ATRC

Specialized fixturing was designed, fabricated, and installed for evaluating real-time flux detectors in
the ATRC. As shown in Figure 5-59, real-time flux detectors (e.g., SPNDs and fission chambers) were
inserted into the six ATRC N-16 positions using specially-designed Experiment Guide Tubes (EGTs) that
attached to the reactor bridge. The six EGTs mechanically position detectors at a specified vertical location
in the four N-16 exterior positions and two Center Flux Trap N-16 positions. Position control and detector
response are conftrolled and measured via specially-developed software to allow all detectors to either indi-
vidually or simultaneously move and measure the local neutron flux and provide a three-dimensional mea-
surement of the overall neutron flux.

EGTs (6)
inserted
in ATR-C

Flux detector

Fuel elements

N-16

Center
flux trap

s N-

Combined Bridge clamp
stepper motor, and slider
controller,

and encoder Guide tube

ﬂ Top of core

i T1GASION1 100

Outer shim
control
cylinder

Figure 5-59. Various experimental hardware for testing real-time flux sensors in ATRC

In these evaluations, detectors were encased in tinted Lucite tubes to prevent any unwanted leakage of
component materials (if they are not leak-tight) and to reduce unwanted noise produced when the SPND
cables come in contact with metal surfaces. SPNDs were inserted into the ATRC N-16 positions using spe-
cially-designed experimental guide tubes (EGTs). The EGTs are primarily fabricated from aluminum to
minimize their weight. However, selected components, such as the guide tube shown in Figure 5-59 are
made from stainless steel 304 for additional robustness.

SPND and fission chamber evaluations were completed by inserting the detectors into various six
N-16 positions and comparing the sensor response with each other and results from neutron activation

123 INL/EXT-13-30427



measurements. Tests were completed for three different critical configurations of the outer shim cylin-
ders—balanced, unbalanced toward the NW flux trap, and unbalanced away from the NW flux trap. For
each configuration, measurements were obtained for at least four intermediate power levels between 1 mW
and 600 W. At 600 W, axial flux measurements were obtained by varying detector positions using the
EGTs. These evaluations allowed the response and accuracy of each type of flux detector to be compared.
The SPNDs displayed a current from 0.04 to 6 pico-amps. The fission chambers displayed electrical pulses
that corresponded to count rates from 0 to 4x10° counts per second. Unlike the delayed response from the
SPNDs, the response from the fission chambers did not have delays built into their signals. In addition, the
fission chambers responded instantaneously to reactor power changes; and the repeatability in the mea-
surements was more consistent due to the faster signal response.

Representative results from one of the configurations evaluated are shown in Figure 5-60. Figure 5-60a
compares detector data as a function of reactor power, and Figure 5-60b compares axial profile data
obtained by moving the detectors with the EGTs. As shown in Figure 5-60a, the detectors demonstrated a
linear response to reactor power changes; but each detector exhibited a different sensitivity and depending
on core location, the slopes differed between the detectors in the north, south and center locations. This
phenomenon was observed in all detectors. Hence, it is suspected that power in various core locations var-
ies linearly with reactor power, but not equally with reactor power. Results from the evaluations are being
assessed to determine the optimum sensor to measure regional core power in the ATRC and provide
insights into a suitable system for the ATR.
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Figure 5-60. Representative power linearity (a) and axial flux profile measurements (b) from rhodium
SPNDs and a U-235 miniature fission chamber.

As shown in Figure 5-59, fixturing was also developed that allow simultaneous evaluations of two or
more sensors in the NW LIPT. The specialized fixturing allows a BTB fission chamber to be inserted into
the ATRC NW LIPT alongside other real-time flux detectors, such as SPNDs or the CEA fission cham-
bers, to compare responses in nearly identical flux conditions. Another detector holder was also fabricated
that positions three miniature in-core sensors across the NW LIPT for assessment of the flux gradient
across the flux trap. It is planned that FY14 ATR NSUF funding will be used to perform detector evalua-
tions with this new fixturing.
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5.5.4. Real-time Flux Detectors in ATR NSUF Irradiations

Typically, ATR tests use flux wires and post-irradiation evaluations to detect the total fluence to which
the fuel or sample was exposed. However, results from recent data to code evaluations suggest that there is
uncertainty in current code evaluation predictions.!®° To reduce these uncertainties, ATR NSUF projects
are emphasizing the use of real-time flux sensors, and a PSU-led ATR NSUF irradiation at the MITR will
be deploying SPNDs. Details related to this irradiation are described in Section 5.7.1.

5.5.5. Micro-Pocket Fission Detector (MPFD) Development

The NEET program is funding a joint INL, Kansas State University (KSU), and CEA project to
develop a MPFD. As noted in Section 3, miniature fission chambers and thermocouples have been used
in-pile at research and test reactors throughout the world; however, none have been deployed in a single
compact package to survive the harsh conditions that exist in high performance MTRs. The MPFD being
developed in this effort is unlike typical fission chambers in that it has a very small detection area (~1 mm
diameter), incorporates fast and thermal neutron detectors and a thermocouple within a single sensor (Fig-
ure 5-61). In addition, MPFDs are constructed from materials that are resistant to radiation damage. These
qualities make the MPFD an attractive sensor for ATR users requiring real-time data from experiments.
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Figure 5-61. MPFD parts and exploded view.

Within the last decade, efforts were initiated by KSU to develop MPFDs. Initial evaluations to demon-
strate the MPFD concept were performed at the KSU TRIGA reactor.'#1-18¢ However, prior to deployment
of MPFDs in a high pressure, high temperature, and high flux environment of a test reactor, such as the
ATR, it was recognized that a more robust sensor design was required. The current effort is focussing on
development, evaluation and deployment of a more robust MPFD design using fabrication techniques per-
fected by INL's HTTL staff during development of high temperature irradiation sensors (as described in
this section) and expertise in miniature fission chamber design possessed by CEA.187-188

MPEFDs are uniquely suited to address several challenges:
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*  Curent fission chamber technologies do not offer the ability to measure fast flux, thermal flux and
temperature within a single compact probe; MPFDs offer this option. The real-time, high accuracy
data from a MPFD will significantly enhance various development and qualification efforts and new
multi-physics code validation efforts.

*  MPFD construction is very different then current fission chamber construction; the use of high temper-
ature materials allow MPFDs to be specifically tailored to survive harsh conditions encountered in the
core of high performance MTRs.

* New high-fidelity reactor physics codes will need a small, accurate, multipurpose in-pile sensor to val-
idate the codes without perturbing the validation experiment; MPFDs fill this requirement.

* MPFDs can be tailored with variable sensitivities, allowing them to survive the lifetime of various
experiment or fuel assemblies in a range of MTRs.

* The small size of the MPFDs allows multiple sensors to be deployed to accurately visualize the flux
and temperature profiles in the reactor.

The MPFD project consists of two research tasks. The objective for the first task is to develop an
enhanced MPFD design and prototype and test its performance in a laboratory setting, while the objective
for the second task is to construct an enhanced MPFD prototype with fissile deposits and evaluate it in
reactor facilities. It is currently anticipated that MFPD development and evaluation tasks will be completed
in FY14. Work during the first two years of this three year effort was devoted to enhancing the MPFD
design to accommodate TCs and improve robustness for high temperature, high pressure, high flux,
long-duration ATR applications. Readout electronics have been built at KSU, and prototype fabrication is
underway.

5.5.5.1. Design

Fission chambers (see Figure 5-58b) are typically constructed with two coaxial cylindrical electrodes,
one of which has a fissile material deposit that is sensitive to neutron interactions. The gap between the
electrodes is filled with a gas, typically argon; and a voltage potential is applied between the electrodes.
After a neutron interacts with the fissile material, a fission product is ejected into the gas, and a large num-
ber of charge pairs are created in the device. These charges are separated and collected at their respective
electrode which leads to a current pulse being generated.'’

MPFDs utilize the same concept, but with a different geometry (see Figure 5-62) that uses parallel
plate electrodes instead of coaxial cylinders. This design is known as a parallel plate fission chamber.
However, the MPFD design is set apart from other fission chamber designs because their signal is obtained
by capturing only part of the available fission product energy deposition whereas all of the energy deposi-
tion must be captured in a classical fission chamber. This departure from conventional fission chamber
design and operating characteristics allows the MPFDs to have a much smaller chamber size with a much
lower fill gas pressure. The design has excellent discrimination characteristics because the energy depos-
ited by the fission products is much greater then that of other types of background radiation interactions in
the detector. As another added benefit, the small size allows them to have a faster response time, and thus
have the potential to achieve higher count rates then conventional fission chamber designs. As such,
MPFDs offer the potential for in-pile applications and for instrumenting the fuel itself.
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Figure 5-62. Schematic diagram of MPFD fission chamber operation.

5.5.5.2. KSU Activities

KSU experience in fabricating and evaluating the initial MPFD prototypes is beneficial for producing
an updated version of MPFDs. The KSU effort for supporting the current NEET MPFD enhancement proj-
ect includes two tasks: Task 1 - building, testing, and optimizing detector amplifier boards for the new
design; and Task 2 - upgrading the fissile deposition system, and purchasing the required raw materials for
detector substrate fabrication.

The first task includes activities to develop electronics for the new MPFD design (Figure 5-63). Elec-
tronics used in initial MPFD tests suffered from high-frequency noise being passed between channels
through a shared high voltage line between several detectors. To avoid this problem with the enhanced
MPFD design, the high voltage lines on the amplifier board were separated using low-pass filters. The new
amplifier board is powered by £12V and +5V and incorporates 5V logic signals outputting two channels of
analog pulse, analog current and digital timing, that can each output, with 50 Ohm impedance. A prototype
amplifier has been assembled at the KSU Electronics Design Laboratory (EDL).1?? After initial testing at
EDL was complete, the amplifiers were connected to an older fission chamber installed in the KSU
TRIGA Mark II nuclear reactor'®! and demonstrated to verify the amplifier would capture neutron induced
pulses. The amplifier captures the expected pulses as shown in Figure 5-63. However, it is recognized that
some component values on the amplifier board may require a minor adjustment to match the capacitance of
the new MPFD design. These changes will be made when the new MPFDs are assembled and tested for
capacitance.

KSU’s second task focused on developing an enhanced plating system for deposition of the electrical
contacts and fissile material on the MPFDs. The KSU Semiconductor Materials and Radiological Technol-
ogies (SMART) Laboratory'°? is responsible for plating all coatings required for MPFD construction. Two
plating steps are required; the first step is to plate the electrical contacts or electrodes on the alumina sub-
strates. The second plating step is to deposit the fissile material on one of the electrical contacts.
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Figure 5-63. KSU-designed electronics: (a) Neutron induced pulses from MPFD electronics and (b)
amplifier board.

The initial plating to deposit the electrical contacts is performed using an electron-beam evaporator
(Figure 5-64). The plating requires custom shadow masks for the new design of MPFDs to be machined
using a micro-milling machine at KSU. The purpose of the shadow masks is to selectively deposit the con-
tact material that defines the electrical contacts and wire-bonding pad. Titanium and platinum were
explored as possible contact materials; and platinum provided the best contact.

Figure 5-64. Evaporator and sample at the KSU SMART Laboratory.

Initial electrical contact deposition efforts were successful. However, initial evaluations found that
many of the alumina substrates were cracked between the outer wiring holes and would lead to poor detec-
tor electrodes. These cracks were attributed to the manufacturing process required to harden the alumina,
and a different vendor was located to provide alumina substrates that had smoother surfaces without any
cracks. In addition, contact deposition quality has greatly improved due to characterization activities using
an optical profilometer, x-ray fluorescence analyzer, and electrochemical analyzer.
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Once the electrical contacts are in place, a second plating step is needed to deposit the material (ura-
nium-235 for thermal neutron detection and thorium-232 for fast neutron detection). Two methods for fis-
sile material deposition were investigated. The first method was standard electroplating, which was used
with previous designs of MPFDs. The small substrates and thin depositions utilize a specialized nA-current
micro-electroplating system at KSU. The second method utilized electroless plating that does not require
an electric current to be applied to the plating solution. Both methods require a dissolvable resin to be
applied to select locations of the electrical contact to avoid fissile material from plating on the wire-bond
pad and path of the detector. Evaluations completed in FY 13 using the electroless plating method worked
but did not deposit the required amount of material on the detector. Hence, the standard micro-electroplat-
ing method was chosen for future depositions. Investigations to develop and characterize a robust electrical
contact with a fissile material deposition will be completed in FY 14.

5.5.5.3. INL Activities

During FY'12 and FY'13, INL developed a new MPFD design (see Figure 5-61) and procured the mate-
rials needed for construction of MPFD prototypes. Initial evaluations are focused on building a robust pro-
totype using less expensive, commercially-available materials that are expected to survive temperatures up
to 600 °C. Once fabrication and testing of this MPFD is completed, it will be possible to modify this design
for higher temperature applications by substituting more expensive, higher temperature materials.

The main components of the initial MPFD detector and extension cable are specially manufactured
hard-fired alumina substrates and crushable alumina insulators (Figure 5-65), respectively, all housed
within leak-tight stainless steel tubing. A “loose assembly construction” is used, with a rigid stainless steel
tube containing hard-fired alumina substrates for fission chamber electrodes and fissile depositions, a ther-
mocouple, and wire contacts. The crushable alumina insulators serve as an insulator for the 6 wire exten-
sion cable with a stainless steel outer sheath. The extension assembly is drawn to the desired length and
diameter to provide flexibility for installation.

MPFD construction is underway using equipment and techniques perfected by INL's HTTL staff. The
unique design of the MPFD requires several construction steps that aren’t required for conventional in-pile
sensor fabrication. Specifically, specialized techniques have been developed that emphasize robustness
(e.g., minimizing the number of wire splices and component embrittlement associated with welding). Fig-
ure 5-66 shows some of the specialized HTTL equipment used in MPFD fabrication. After the parts are
assembled, they are inserted into the outer sheath, and welded together (Figure 5-65). The final step to
insert the fill gas, typically argon, is performed by sealing a portion of the loose assembly in specialized
fixturing at the HTTL prior to performing the final weld.

Testing of the new MPFD design is underway to evaluate the robustness of the epoxy wire connec-
tions, thermocouple performance, and the weld integrity. Sensor performance is assessed in the HTTL by
considering materials interactions and thermocouple response in HTTL furnaces, x-ray observations,
helium leak checks, and resistance and continuity measurements. Weld integrity is evaluated by using the
HTTL helium leak testing equipment to verify that the assembly meets requirements for the ASTM leak
rate of sheathed thermocouples. Further evaluations are scheduled that will test the integrity of the elec-
trode (non-fissile) deposition under high temperatures once materials are received from KSU. In addition,
efforts have been initiated to develop an evaluation plan to test the MPFD performance in radiation fields.
Depending on funding and facility availability. the evaluation plan may include the INL Health Physics
Instrument Laboratory (HPIL) neutron and gamma panoramic irradiators (see Figure 5-67b), the KSU 1
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Figure 5-65. MPFD components and fabrication.
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Figure 5-66. Various HTTL equipment for MPFD fabrication.
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MW TRIGA Mark II research reactor, and INL's ATRC using specialized fixturing installed at the ATRC
shown in Figure 5-67a. As discussed in Section 5.5.3, the ATRC fixturing is used to characterize and
cross-calibrate a wide range of flux detectors, including SPNDs, CEA-developed fission chambers, and
specially-developed back to back fission chambers. In addition, CEA has agreed to model MPFD response
and compare to actual results. Although it is not part of the currently-funded NEET program, it is antici-
pated that the ATR NSUF or another DOE-NE program will ultimately deploy a MPFD in a higher flux
reactor irradiation test in a US high flux MTR.

EGTs (6)
inserted

inATR-C ||

(@) ®)
Figure 5-67. INL irradiation facilities for MPFD evaluation: (a) ATRC and (b) HPIL panoramic irradiator.

5.6. Localized Heating

ATR NSUF experimenters have expressed a need for sensors to measure local power in fuels and
materials irradiations. Development of instrumentation that provides real-time localized power measure-
ments with high precision and accuracy is needed to address uncertainties related to gamma heating in
ATR NSUF MTR experiments. Large uncertainties in gamma heating are suspected to have caused signif-
icant errors in the estimated temperature of test specimens in ATR.'®® Calculated temperatures versus
measured temperatures for the University of California at Santa Barbara Number 2 experiment differed by
up to £30°C, as shown in Figure 5-68. Development of improved local power instrumentation will provide
enhanced capabilities to customers that want to irradiate fuels or materials in the ATR or other ATR NSUF
MTRs. Hence, investigations of local power instruments directly addresses the need to supply ATR NSUF
programs with advanced sensors that provide real-time data, with high precision and accuracy, for materi-
als and fuels testing.

Initial HTTL studies of commercially-available local power sensors have identified several improve-
ments that could be incorporated into the design of localized power sensors. Two sensors have been
selected as viable options for further evaluation and development. These two devices are gamma thermom-
eters and Self-Powered Gamma Detectors (SPGDs). These sensors measure local power via interactions
with gamma rays that are generated from nuclear reactions within the reactor. Progress and plans for future
evaluations are provided in this section. However, it should be noted that funding sources for all of these
sorely needed evaluations have NOT been identified.
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Figure 5-68. Measured versus calculated temperatures for the UCSB-2 experiment]

5.6.1. Gamma Thermometer Design and Evaluations

As discussed in Section 3.3.8, current state-of-the-art gamma thermometers use low temperature (e.g.,
less than 1100 °C) Type-K thermocouples to measure the differential temperature along an inner body or
pin.'®3 The technology from the HTTL-developed HTIR-TC could be used to develop a high temperature
gamma thermometer. This technology will broaden the range of local power measurements to include high
temperature applications. If feasible, this improvement to the current technology could provide fuels and
materials test programs with a versatile and reliable sensor for measuring local power over an expanded
range of temperatures.

Figure 5-69 shows an IFE/HRP miniaturized gamma thermometer delivered to the HTTL with a sche-

matic that illustrates the internal components compared to an x-ray of the detector. Time constant measure-
ments of the IFE/HRP gamma thermometer (see Figure 5-70) were completed in FY12.

Xenon gas

Differential TC Inner body Hot junction  GT housing

I

Xenon gas

——
PaWHTIEE

Figure 5-69. IFE/HRP gamma thermometer and associated x-ray of the device.

The data shown in Figure 5-70 were gathered by moving the gamma thermometer between an ice bath
and boiling water. After the signal stabilizes in one medium, it is transferred to the other. The change in the
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Figure 5-70. Time constant measurement of the IFE/HRP gamma thermometer.

signal is logged until a new equilibrium is reached. The data are then analyzed, and the time constant can
be determined from the following relationship (e.g., time constant is calculated from the inverse of the
slope when the data is on a logarithmic scale):

1

F = Ty (5-4)
where
T = temperature,
T, = initial temperature,
t = time, and
T = time constant.

Testing at the gamma irradiation facility at the Health Physics Instrumentation Laboratory (HPIL) was
performed to acquire data on the sensitivity of the IFE/HRP gamma thermometer in a known gamma flux.
If additional funding becomes available, additional testing of this IFE/HRP gamma thermometer will be
completed. The signal response and sensitivity will be evaluated in a series of tests at various facilities. The
first phase of testing includes testing the gamma thermometer in a higher flux environment, such as the
ATR Canal Irradiation Facility. Next the new fixtures used to evaluate flux detectors in the ATRC (see
Section 5.5.3.3) will be used to test the IFE/HRP gamma thermometer. The next step will be to irradiate
the gamma thermometer at a university TRIGA reactor. Results from these evaluations will provide
insights related to IFE/HRP gamma thermometer operation and design, and the applicability of proposed
enhancements for developing an optimized design.

5.6.2. SPGD Design and Evaluation

As discussed in Section 5.5.3, SPNDs measure neutron flux based on the activation and subsequent
beta-decay of the emitter material. SPGDs measure gamma flux based on gamma-ray interactions with
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matter, specifically, the photoelectric effect, Compton scattering, and pair production. As shown in Figure
5-71, an emitter material is surrounded by an insulator and encased in a conductive housing. Gammas
interact with the emitter, and to some extent the insulator, generating free electrons. Those electrons will
accumulate on the housing and an electric potential will develop between the housing and the emitter
resulting in a measurable current.

MI cable /— Conductor wire /— Emitter /— AlLO, powder /— Housing, OD 3.5 mm
4: .
]

——

| |
| L |

Figure 5-71. General design of a Self Powered Gamma Detector (SPGD)

A plethora of materials have been tested to determine their applicability for self powered detectors.!**

It is known that a portion of the total response associated with an SPND is due to gamma interactions
rather than neutron reactions. Some materials will have a higher response from gamma interactions than
others based on the relative magnitudes of the neutron cross-section and the gamma attenuation coefficient
of the material. Approximately 93% of the response of platinum SPNDs is actually due to gamma interac-
tions.!* Typically, materials with a high atomic number have high attenuation coefficients and are consid-
ered favorable for emitters in SPGDs. Lead and bismuth are common emitter materials in modern SPGDs.
Similar to gamma thermometer operation, SPGDs measure local power based on gamma interactions.
Therefore, the signal SPGDs produce is constant with fuel burnup as well. This is one of the main advan-
tages to using local power sensors that respond to gamma interactions rather than neutron interactions. If
funding is available, enhancements to the current state of SPGD technology will be investigated. In partic-
ular, candidate SPGD enhancements include: size reduction, material selection, optimal geometry, and
gamma response versus neutron response of select materials.

As part of these evaluations, it is planned to compare and contrast the advantages and disadvantages of
SPGD:s in relation to gamma thermometers. An ATR NSUF experiment testing HTTL-developed sensors
in the MITR will be using a SPGD (Platinum emitter) supplied by Thermocoax to monitor gamma flux
(see Section 3.1.2). As part of this proposed effort, a similar SPGD will be evaluated to determine standard
operating characteristics of SPGDs. Testing of the SPGD will follow a similar regiment used for the
gamma thermometer. Specifically, the sensitivity of the SPGD will be evaluated in the HPIL. Gamma Irra-
diation Facility and the ATR Canal Irradiation Facility. Next, testing in a reactor environment will be pur-
sued in the ATRC and a university TRIGA reactor. Results of these tests will be used for further evaluation
of the SPGD, including investigation of emitter materials to determine optimal characteristics for typical
applications in ATR. Specifically, the gamma response versus the neutron response will be characterized
along with evaluation of the operating temperature of the sensor. Since lead and bismuth have relatively
low melting temperatures, other materials may be beneficial as emitters for higher temperature applica-
tions; and evaluation and testing of those materials will be pursued.

5.7. Cross-Cutting

Some research activities benefit multiple in-pile instrumentation development and deployment activi-
ties. Three such cross-cutting activities are documented in this section: a recently initiated effort to com-
pare the irradiation performance of ultrasonic transducer materials, a proposed effort to compare the
irradiation performance of fiber optics, and a much needed joint industry and laboratory effort to develop
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an instrumented standardized test rig for fuels evaluations. As discussed below, results from the two irradi-
ation tests have the potential to enable the use of a host of new sensors to support irradiation testing. The
instrumented standardized fuel test rig development effort is required if the ATR is to meet US industry
needs for fuel irradiations.

5.7.1. Ultrasonic Transducer Irradiation

The long and successful history of out-of-pile ultrasonic measurements suggest that ultrasonics-based
sensors could be used in-pile for materials and fuels characterization, including detection and characteriza-
tion of degradation and damage.!°® Limited PIEs have successfully shown that fuel microstructural param-
eters, such as porosity and grain size, can be correlated to ultrasonic velocity.!®® According to Villard, %
frequency requirements for such measurements are restricted to greater than 10 MHz. However, lower fre-
quencies can be used for some applications, such as ultrasonic thermometry, where frequency require-
ments may be 100 — 150 kHz or lower.2!

The development of ultrasonic tools to perform a variety of in-pile measurements requires a funda-
mental understanding of the behavior of ultrasonic transducer materials in high-radiation environments.
‘While a number of irradiation studies of ultrasonic transducers have been described in the literature, a
one-to-one comparison of these studies is difficult, as the materials and irradiation test conditions often dif-
fer. In addition, the tests to date are generally at lower flux/fluences than what might be seen in US MTRs.
As aresult, a series of experiments is needed to baseline the performance of ultrasonic transducer materials
(in terms of change in sensitivity as a function of temperature and irradiation) to support the irradiation
test. Results of such tests will enable development of ultrasonic sensors for in-pile measurements, includ-
ing fuel and material morphology changes, fission gas composition and pressure measurements, fuel and
material geometry changes, and temperature. Hence, such tests will provide a method for selecting opti-
mum ultrasonic transducer materials for different in-pile measurements and guide the development of sig-
nal processing tools to enhance the measurement to demonstrate the intended in-pile measurements.

During 2012, the ATR NSUF announced that funding will be provided to support a PSU-led collabora-
tion with INL, MIT, Argonne National Laboratory, Pacific Northwest National Laboratory, CEA, and
Bechtel Bettis to perform an ultrasonics transducer irradiation at the MITR?? to evaluate the most promis-
ing candidate piezoelectric and magnetostrictive transducer materials and designs. From the onset of this
effort, an instrumented lead test was proposed, such that real time signals are received from the transducers
being tested. Collecting real time signals will enable an accurate measure of the performance and possible
degradation of candidate transducer and sensor materials under irradiation. In addition, laboratory testing
will be completed to verify that transducer materials will survive anticipated thermal conditions and to
characterize their pre-irradiation performance. It should also be noted that DOE-NE’s NEET program
leverages results from this irradiation as part of its effort to enable deployment of ultrasound-based sen-
SOTS.

5.7.1.1. Selected Ultrasonic Materials and Transducer Designs

To generate and receive ultrasonic pulses and signals, the two most commonly used methods rely on
piezoelectric or magnetostrictive materials. Ultrasonic measurements using piezoelectric transducers have
been demonstrated over a wide frequency range from kHz and up to GHz; however, most non-destructive
examination (NDE), materials characterization, and process monitoring are performed in the range from
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1-20 MHz, making piezoelectric transduction ideal. The current capabilities of magnetostrictive transduc-
ers are typically limited to operation at frequencies up to the order of 100 kHz, though recent research sug-
gests that higher frequencies may be possible for small transducers. However, mechanical coupling as well
as enhanced guided wave mode generation makes magnetostrictive transduction ideal for low frequency
measurement, such as ultrasonic ’rhe1‘1’_[1a::nnzlet1y.203

Prior studies have shown that typical piezoelectric and magnetostrictive materials used in transducers
degrade when subjected to high temperature and radiation.?%*2%° Candidate magnetostrictive and piezo-
electric materials must, therefore, be carefully selected; and transducer assemblies must be carefully
designed. However, only limited radiation effects data are available to guide this process. FY-2013 efforts
for this effort focused on developing and fabricating transducer designs developed and fabricated for the
MITR irradiation. As summarized below, piezoelectric and magnetostrictive transducer designs were
developed, successfully fabricated, and shipped to MIT.

Selected Piezoelectric Materials and Transducer Design. A literature review was completed at the
beginning of this effort to identify candidate piezoelectric transducer materials. The piezoelectric materials
selected for inclusion in the irradiation test are summarized in Table 5-9. Additional details related to can-
didate piezoelectric transducer materials may be found in References 210 and 211.

Table 5-9. Candidate piezoelectric materials.

Material Composition TEI:[:::;S::; ?:: oC Transition Type Comments
Bismuth B13TiOy, efc. 909 Curie Temperature |Thought to be radiation tolerant. Most promising
Titanate previously tested candidate. Good baseline comparator.
Aluminum AIN 2200 Melt Thought to be highly radiation tolerant. Very high
Nitride temperature capability.
Zinc Oxide ZnO >1500 Melt Thought to be highly radiation tolerant. High temperature
capability.

The piezoelectric transducers developed for this irradiation are based on the design used in a prior
TRIGA test of AIN.%!? The piezoelectric transducers use pressure for coupling the piezoelectric element to
the stainless steel waveguide. Electrical contact with the piezoelectric element is also achieved through
application of pressure. A backing layer behind the piezoelectric sensor provides damping (preventing
excessive “ringing” of the transducer) and acts as an electrode. The electrical connection from the lead-in
cable to the graphite backing is made through a stainless steel plunger, which is isolated from the housing
by alumina insulation. The connection to ground is made through the housing, with the waveguide acting
as the second electrode. During the irradiation, transducer performance will be measured using pulse/echo
measurements through the stainless steel waveguide. A schematic of the design is shown in Figure 5-72a.

Selected Magnetostrictive Materials and Transducer Design. A literature review was also completed at
the beginning of this effort to identify candidate magnetostrictive transducer materials. The magnetostric-
tive materials selected for inclusion in the irradiation test are summarized in Table 5-10. Additional details
related to candidate magnetostrictive transducer materials may be found in References 210 and 211.

The magnetostrictive design developed for this effort was influenced by prior research to develop an
appropriate transducer for use in ultrasonic thermometry applications.?!3-21® As discussed in Section
5.1.4.3, magnetostrictive transducer fabrication efforts were leveraged from FCRD-funded efforts to
develop an ultrasonic thermometer. A schematic of the magnetostrictive transducer design is shown in Fig-
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Figure 5-72. Schematic of (a) piezoelectric and (b) magnetostrictive transducer designs.

Table 5-10. Candidate magnetostrictive materials.

Material Composition Key Properties Comments
Remendur 49Fe-49Co-2Va | 70-100 p-strain maximum magnetostriction, | No longer manufactured, identical/similar alloys
curie temperature 950 °C available, possible activation of cobalt
Galfenol Fe-14Ga-NbC | 100-400 p-strain maximum Relatively new, small amounts of data, difficult to acquire
magnetostriction, curie temperature 700 °C
Amakrome 4 95Fe-5Cr 10-40 p-strain maximum magnetostriction, | Low magnetostriction
curie temperature 770 °C
Amakrome 5 92Fe-8Mn 10-40 p-strain maximum magnetostriction, | Low magnetostriction
curie temperature 770 °C

ure 5-72b. Additional details related to the fabrication of the magnetostrictive transducer are provided in
Section 5.1.4.3 and Reference 211.

Laboratory Evaluations of Candidate Transducer Materials. Several tests are being conducted in con-
junction with the irradiation test (prior to the test being preferable, to allow identification of any systematic
problems before the full test is installed in the reactor). These tests are needed to help separate the effects
of the neutron radiation from effects of the elevated temperature the test will likely reach while in the reac-
tor. A list of planned out-of-pile tests is given in Table 5-11.

5.7.1.2. ATR NSUF Ultrasonic Transducer Irradiation Test

Figure 5-73 shows the position of the test capsule within the MITR core. Based on thermal analysis
performed at MIT, the expected operating temperature for the test at steady state will be between 350 and
450 °C. After startup, the target temperature will be controlled by variation of the composition of a gas gap
between the test capsule and the in-pile experiment tube. The gas will be a mixture of helium and neon. Is
is planned that the reactor will perform a slow startup ramp. This will enable data collection at low fluence
levels, where early failures were observed in prior piezoelectric transducer irradiations. Once the reactor
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Table 5-11. Proposed out-of-pile tests.

Test Materials Description
Endurance test All can(?idate The ET includes operation of candidate transducers at 300 °C. This test is to be used as
(ED) materials reference for the data collected during the irradiation test. Two types of endurance tests
can be performed, one at an elevated temperature relative to the nuclear reactor
environmental conditions to accelerate the degradation process. The other is to be at the
anticipated irradiation temperature of 300 °C. The time necessary for each of these tests
is at least several weeks, if not for a month. The samples are to be inserted in the reactor
for about a year, so a several month long test is proposed.
This test will allow separation of temperature induced changes from radiation induced
changes, as well as identification of design flaws.
Maximum All candidate | The MOT is determined by placing the transducer in the tube furnace and increasing the
operating materials temperature linearly at a slow rate so that at each measurement could be considered
temperature isothermal. In the past rates such as 1 degree per minute have been used. As such, the
(MOT) time necessary for each experiment will depend on the Curie temperature; on the order of
500-1000 minutes or 8-16 hours.
This test will allow identification of possible temperature induced changes at
temperatures near irradiation temperature, effects of temperature transients, and
maximum operating temperature.
Safuration All This test involves measurement of magnetostriction of candidate materials as a function
magnetostriction | magnetostrictive |of applied DC magnetic field using a DC current supply and a pushrod dilatometer.
candidate These data are needed to characterize the performance of candidate magnetostrictive
materials materials.
Hysteresis All candidate | The HM characterizes remnant polarization and indicates changes in material structure.
measurement materials This test can be performed with the transducer in situ and will be completed alongside the
MOT and ET.

reaches a power level sufficient to maintain the target temperature, the experiment will be placed on auto-
matic temperature control (helium/neon mix) for the remainder of reactor startup. The anticipated steady
state fast flux (>1 MeV) will be 4 x 10! n/cm?-s with reactor at full power. This level of fast flux will
require approximately 310 full power days, or 18 calender months, to reach the desired fluence level.

In-pile
experiment
tube

Experiment
location

Figure 5-73. Position of irradiation capsule within MITR core.

INL/EXT-13-30427

138



Capsule Design. The final test capsule design is shown in Figure 5-74. The test capsule design was
refined based on thermal analyses performed by MIT to ensure that irradiation temperatures remained
between 350 and 450 °C. The final design accommodates four piezoelectric transducers and two magneto-
strictive transducers. All of the originally selected transducer materials will still be included as loose sam-
ples, but only the ZnO transducer will have two transducers. All of the originally proposed instrumentation
will also be included.

Self powered | Magnetostrictive
neutron detector traar?sducer

—Pull wire
Thermocouple

Piezoelectric
transducer

Self powered
gamma detector

Ledge for
staggerin

iezoelectric

ransducer

Figure 5-74. Final test capsule graphite sample holder design with sample and instrumentation positions
detailed.

Sensors. In order to meet program objectives, it is essential that the irradiation environment be well-char-
acterized. Irradiation test temperatures will be monitored by two Type-K thermocouples. Thermal neutron
flux will be monitored by a vanadium emitter SPND. Gamma flux will be monitored by a platinum emitter
SPGD. A schematic diagram of the SPND and SPGD is shown in Figure 5-75 (both sensors have identical
dimensions).

In addition to the Type K thermocouples, the maximum temperature that the irradiation reaches will be
verified using melt wires encapsulated in a quartz tube. Five wire compositions will be included, with
melting temperature ranging between approximately 327 and 514 °C. Melting temperatures of the wires
will be verified using a DSC. Melt wire compositions and melting temperatures are listed in Table 5-12,
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Figure 5-75. Schematic diagram of SPND and SPGD (dimensions are the same for each).

and a picture of a melt wire capsule is shown in Figure 5-76. Integrated thermal and fast neutron fluence
will be evaluated through post irradiation analysis of Fe-Ni-Cr flux wires.

Table 5-12. Compositions and melting temperatures of melt wires.

Material Composition, % Melting Temperature, °C
100 Pb 327.5
94 Zn-6 Al 381.0
85 Te-15 Sn 401.0
100 Zn 419.6
80 Sb-20 Zn 507.8-514.3

— = g
T —r— =
C—— =

Figure 5-76. Example melt wire capsule with four wire types.

Post Irradiation Examinations. The irradiation effects on the candidate materials will be quantified
through PIE, and results will be compared with pre-irradiation values. Planned PIEs include:

»  Simple pulse echo measurements. These tests, which have the potential to reveal information about
the quality of the transducer, will first be completed. These measurements can be performed with-
out disassembling the transducer. They can be made in-pile (after reactor shut down) and after
removal from the reactor. The pulse-echo measurement is used to measure signal to noise ratio
(indicating sensitivity of the transducer), resonance frequency, bandwidth, and the quality factor (a
measure of the intrinsic damping of the crystal). These are used as a go/no go test for sensor per-
formance and are most important in ascertaining transducer performance.

*  Impedance measurements. These measurements can be used to calculate the loss tangent,! which
is related to the dielectric property changes, as well as the resonance frequency, stiffness, and
dielectric constant. This is important in determining loss mechanisms. This measurement can also
be made without disassembling the transducer.

*  Hysteresis measurements. These measurements can indicate remnant polarization, which is neces-
sary for transduction in ferroelectrics as well as the degradation mechanism, such as metamictiza-
tion? versus antiferroelectric tendencies.® This measurement can be made without disassembling
the transducer.

1. A measure of electrical energy dissipation of the crystal.
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* Density measurements. Density data are needed to determine material properties from the
pulse-echo and impedance measurements. During temperature testing, it is common to see varia-
tions in densities of many piezoelectric materials; and it is important to characterize these changes.
The sensor material must be removed from the transducer assembly for this measurement.

*  d33 measurements. The d33 parameter is a material constant and important to piezoelectric trans-
ducer signal amplitude. This parameter is most significantly affected during neutron testing in
most materials, and it is also important to characterize observed d33 changes. It will be necessary
to remove the sensor material from the transducer in order to measure this material property.

*  (Color changes. Some materials change color during irradiation, which can indicate absorption of
oxygen and other contaminants. Optical examination would require the sensor material to be
removed from the assembly and photographed with a high resolution camera.

*  Grain structure changes. Scanning Electron Microscopy (SEM) is important to characterizing the
grain structure of the sensor and changes that occur during irradiation. SEM examinations may
provide insights about the damage mechanisms and how polar domains change during irradiation.
SEM examples also require that samples be removed from the transducer assembly.

5.7.1.3. Summary

Currently, it is anticipated that the test capsule will be inserted into the MITR in late February 2014.
After insertion, collaborators will continue to support the irradiation test by interpreting data from the irra-
diation test and completing the out of pile tests used to separate the effects of temperature from irradiation
effects on the sensors. In addition, the NEET program, which is leveraging data from this ATR NSUF irra-
diation, will focus on developing an enhanced signal processing capability for ultrasonic thermometry
(selected as an ultrasound based sensor which could be deployed in the near term).

5.7.2. Fiber Optic Irradiation

Radiation effects on optical fibers and the probe components are an important issue for the long term
survivability of fiber based in-pile sensors. A summary of the fiber issues and related research has been
reported previously.>® Irradiation testing of the optical fiber and components is paramount to quantitatively
determining the effects on the sensor accuracy and lifetime. A collaboration with Ohio State University
(OSU) led to the development of a proposal for fiber optic radiation testing. The objective of the proposal
was the measurement of radiation induced attenuation in several optical fibers in an ATR instrumented
lead experiment. A schematic of the proposed experiment is shown in Figure 5-77 and described below.

The test methodology would involve both through transmission testing using a spectrometer and single
ended fiber testing using either OTDR or OBR. In the through transmission test, the fiber would be routed
down to the reactor core and back essentially forming a long “U”. Light from a broadband source would be
coupled into one end of the fiber and the opposite end would be connected to a spectrometer. This would
allow attenuation across a broad wavelength range to be continuously monitored. As the tight bend radius
necessitated by the small test positions could be detrimental to the fibers, OTDR or OBR instruments
would also be employed. These instruments allow attenuation measurements to be made from one end of a

2. The process through which a crystal becomes amorphous through damage processes; in this case neutron
radiation, causing a loss of piezoelectricity.
3. A loss of piezoelectricity through depolarization.
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Figure 5-77. ATR fiber optic attenuation test schematic.

fiber but are limited to discrete wavelengths. Fiber optic multiplexers would be implemented in both test
methods to allow multiple fibers to be tested using the same instrument.

The design concept uses a lead out tube which would be inserted through the reactor top head closure
plate and down into the test position. The lead out tube would serve as the primary pressure boundary.
Individual opfical fibers would be bundled inside separate small diameter stainless steel tubes. These
smaller tubes could be hard mounted in the lead out tube to maintain proper positioning and added protec-
tion for the fibers. If funded, the proposal would help answer long standing questions on the longevity of
optical fiber based sensors in the ATR and other high flux US MTRs.

5.7.3. Standardized Instrumented Fuel Irradiation Rig

Standardized test rigs, which are regularly used at facilities such as the HBWR in Norway and are
under development for the JHR in France, are essential components of world class irradiation facilities.
Standardized test rigs with state-of-the-art instrumentation, that are tailored to meet US industry needs for
fuel irradiation testing and US regulatory requirements for data acceptance, are essential in order for the
ATR and other US MTRs are to be competitive with international MTRs. Evaluations suggest that stan-
dardized test rigs have the potential to offer ATR users a one-third reduction in costs and long lead times
associated with one-of-a-kind experiment designs. Participation from US vendors, US regulators and expe-
rienced ATR analysts and researchers are essential to ensure that the test rig is tailored to economically
meet US industry needs and regulatory requirements for fuels and materials testing at ATR. Spe-
cially-developed instrumented standardized test rigs will allow DOE-NE programs (ATR NSUF, FCRD,
ARC, etc.) to obtain much-needed, high fidelity data for evaluating the performance of new fuels and
materials at US MTRs.
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To meet this national need, it is proposed that a collaborative project be initiated that includes
researchers from INL, other laboratories, and US fuel vendors. The INL team would include HTTL in-pile
instrumentation experts and ATR experts in experiment engineering and management, engineering design,
reactor physics analysis, and thermal and structural analysis. ATR experiment managers and analysts will
ensure that the test rig is appropriately designed and meets ATR acceptance criteria using detailed design
drawings and established thermal, structural, and neutronics analysis methods, such as MCNP, ORIGEN,
and RELAP, and other processes accepted by ATR engineering. A prototype test rig will be fabricated
using an existing INL three dimensional printer followed by instrumented mockups that will be used for
verification testing. To the extent possible, approved Computational Fluid Dynamic (CFD) methods will
be used to verify the performance of this test rig; but funding has been requested to allow, if needed, eval-
uation of the test rig (or component testing) in a large-scale loop facility. In addition, selected instrumenta-
tion performance will be verified using existing testing capabilities at the HTTL (e.g. furnace testing and
autoclave evaluations) to ensure operability for test conditions specified by industry collaborators. These
analyses will support the preparation of an Experiment Safety Assurance Package (ESAP) that will
approve the test rig for use in the ATR. The analysis and ESAP will be written using worst case assump-
tions and bounding masses for the fuel content to allow the largest variety of tests possible. As part of the
proposed effort, a standard test rig will be fabricated following the INL process for experiment design and
fabrication. The standard test rig will also meet the ATR QA and Safety Analysis Report (SAR) require-
ments so it will be ready for use at the completion of this project. Funding has also been requested for a
trial irradiation as a proof-of-concept demonstration that will attract future customers.

Standardized test rigs will differ for specific irradiation facilities and locations. Figure 5-78 illustrates
a preliminary conceptual design for a standardized test rig for use in ATR Loop 2A. Based on user specifi-
cations, the test rig could be instrumented with sensors capable of withstanding anticipated pressures, tem-
peratures, and radiation levels in Loop 2A fuel tests and providing real-time data to address user needs. In
addition to providing sensors within each test rig, supplemental sensors, such as flux wires, melt wires, and
silicon carbide temperature monitors, will be included exterior to the test rig to increase confidence in the
accuracy of obtained data.

A standardized test rig represents a much needed, final step in efforts to provide the US world class
instrumentation and irradiation capabilities. In addition to increasing usage of the recently reactivated ATR
Loop 2A, a standardized test rig will also provide a basis for testing at other ATR NSUF facilities, such as
the HFIR and MITR, and the Transient Reactor Test (TREAT) facility that DOE-NE is planning to restart.
Without such standardized test rigs with advanced instrumentation becoming the norm in US MTR irradi-
ations, US MTRs will be unable to provide economical irradiation facilities for US industry and regulators.

5.8. Summary

As outlined in this section, INL has initiated efforts to develop and obtain new sensors for measuring
key parameters (e.g., temperature, length, diameter, etc.) during irradiation testing at the ATR. As dis-
cussed in Section 4, initial ATR NSUF efforts are primarily focussing on sensors that can provide data
needed for ATR NSUF users with on ‘lower risk” technologies that are already deployed at other MTRs.
These initial efforts have led to several new or enhanced sensors becoming available to ATR users: the
doped Mo/Nb HTIR-TCs (Section 5.1.3), silicon carbide temperature monitors (Section 5.1.2), enhanced
melt wire selection and encapsulation options (Section 5.1.1), THWM needle probes for thermal conduc-
tivity measurements (Section 5.2) and creep elongation test rigs (Section 5.3.2). In addition, it is antici-
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Figure 5-78. Candidate standardized test rig for evaluating fuel rod diameter changes, thermal
conductivity, and fission gas release in a PWR loop.

pated that during 2014, HTTL-fabricated HTIR-TCs and THWM NPs will be deployed by IFE/HRP; and
an HTTL-fabricated THWM NP will be deployed by CEA. During 2014, it is planned to continue testing
of miniature fission chambers developed by CEA and other flux detection systems (e.g., SPNDs) at the
ATRC. In addition, efforts will to develop MPFDs will be completed, and efforts to develop a crack
growth test rig and evaluated ultrasonic transducers will be continued. Finally, a new effort to evaluate the
potential to deploy an LVDT-based diameter gauge has been started in FY 14.

As noted within this section, DOE funding reductions have limited planned development and evalua-
tions of some sensors, such as ultrasonic thermometers and gamma thermometers. In addition, funding
limitations have restricted the start of a much needed effort to develop and deploy a standardized fuel test
rig with advanced instrumentation. As noted within this section, standardized test rigs are essential if US
MTRs are to be competitive with international MTRs. With standardized test rigs with advanced instru-
mentation, US MTRs will be able to more readily meet US industry and regulator needs for sustainment of
nuclear energy.
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